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ABSTRACT 
 
Materials exhibiting multi–dimensional structure with characteristic feature sizes 
ranging from the nanometer scale to the micrometer scale have extraordinary potential for 
emerging applications that cannot be achieved using simple, non–structured materials.  
Much work in the area has focused on the use of dielectric or polymeric materials, 
however, three-dimensional (3D) metallic materials are far less studied and especially 
interesting for photonic and energy storage applications.  Sacrificial templates are 
commonly used for the fabrication of materials possessing 3D structure.  Self-assembly is 
particularly attractive for applications demanding large-area templates at low cost.  This 
work focused on the incorporation of metallic materials into 3D templates, especially 
those fabricated by self-assembly, for solar energy harvesting, chiral metamaterial, and 
energy storage applications.     
3D metallic architectures are useful for solar thermophotovotlaics (sTPV).  This 
technology seeks to overcome losses in solar energy harvesting due to the broad spectral 
distribution of energies emitted by the sun.  Single junction photovoltaic (PV) cells 
efficiently convert solar radiation to electricity in a narrowed range of energies 
concentrated around the energy of the PV cell electronic band gap.  A sTPV device uses 
an intermediate component, placed between the sun and the PV cell that spectrally 
concentrates solar radiation to coincide with the PV cell electronic band gap.  A large part 
of this thesis is devoted to the development of 3D photonic crystals, fabricated using self-
assembled templates, which selectively emit thermal radiation in a narrowed range of 
energies, useful for efficient conversion to electricity.  Structures fabricated herein 
demonstrate the necessary combination of thermal stability and selective thermal 
emission for TPV applications.  It is hoped that this work will enable the fruition of high 
efficiency TPV systems incorporating a 3D photonic crystal thermal emitter.  
 Three-dimensional aluminum architectures were fabricated using 
electrodeposition inside self-assembled templates for energy storage applications.  
Finally, complex 3D gold architectures were fabricated using a more advanced template 
fabrication technique, direct laser writing, in combination with electrodeposition for 
chiral metamaterial applications.   
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CHAPTER ONE 
 
THESIS OVERVIEW*1 
 
1.1  Introduction to three-dimensional fabrication at the mesoscale 
 
Multidimensional architectures at the mesoscale (100nm – 100µm) can be 
fabricated by a number of methods1.  Advanced fabrication schemes include direct 
writing of multifunctional inks2, direct laser writing in a photoresist3 (see Chapter 7 for a 
more detailed description), and layer-by-layer stacking of components fabricated by 
conventional 2D lithography4.  These fabrication techniques, however, suffer from slow, 
complex, and costly processing that limit device size.  Self-assembly5 and interference 
lithography6 are parallel processing strategies that are more cost effective, generally less 
time consuming, and can produce multidimensional structures over large areas (larger 
than cm2).  Colloidal self-assembly is the simplest, and most widely utilized approach.   
The 3D structures produced by the methods described above are often used as 
sacrificial templates for the deposition of dielectric, polymeric, semiconducting, or 
metallic materials.  This inversion process is used to achieve structures with a desired 
material, property, or functionality for specific applications.  Over the past few years, 
approaches to deposit such materials within a 3D sacrificial template have increased 
significantly.  The most common deposition procedures include chemical vapor 
deposition (CVD)7-9, atomic layer deposition (ALD)10, liquid precursor infiltration11-14, 
nanoparticle infiltration15,16, and electrodeposition17,18.  Liquid precursor infiltration and 
electrodeposition procedures are attractive because they can completely fill the interstitial 
space of a 3D template.  However, liquid precursor infiltration suffers from impurities 
and inconsistent infilling.  Electrodeposition procedures are typically limited to the 
deposition of metallic materials and select dielectric or polymeric materials.  See Section 
4.2 for an example of electrodeposition inside colloidal crystal templates.  Gas phase 
deposition imparts conformal growth of material, on all available surfaces.  However, the 
                                                       
*
 Content in this chapter was previously published by the author and reproduced with 
permission1.  Copyright Wiley-VCH. 2010. 
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very high aspect ratio of 3D templates makes truly conformal deposition a challenge.  See 
Chapters 4 and 5 for examples of gas phase deposition inside 3D mesoscale 
architectures.  When choosing a deposition technique, one must consider the template 
compatibility with the deposition procedures.  For example, high temperature CVD or 
electrodeposition cannot be used with polymeric templates.  The deposition of metallic 
materials inside mesoscale multidimensional architectures are far less studied compared 
to dielectric, polymeric, and semiconducting materials.  Chapters 3-7 all focus on the 
incorporation of metallic materials inside mesoscale multidimensional architectures for 
photonic and energy storage applications.  The metallic materials introduce necessary 
functionality that enable these applications.  
 Two common themes throughout this thesis include multidimensional fabrication 
utilizing self-assembly and multidimensional architectures for photonic applications.  
Chapter 2 focuses on the fundamental science of self-assembly at the nanometer scale 
(<100nm).  The versatility of self-assembly at the mesoscale is demonstrated for photonic 
(Chapters 3-5) and energy storage applications (Chapter 6).  Chapter 7 discusses a 
more advanced multidimensional fabrication technique, direct laser writing, for photonic 
applications.  The following sections (Section 1.2 and 1.3) have been included to 
introduce these two themes.   
 
1.2  Self-assembly 
 
Living organisms are a product of self-assembly.  At the finest of scales, various 
biosynthetic pathways produce amino acids, simple sugars, glycerol, fatty acids, and 
nucleotides.  These biological molecules recognize one another in the hectic cellular 
environment and self-assemble into the macromolecules that are the underlying entities 
from which our bodies derive form and function (proteins, carbohydrates, lipids, and 
nucleic acids).  Biology is hierarchical and relies on self-assembly at every level of 
increasing complexity.  Harnessing the power of self-assembly that nature has already 
mastered is challenging and an active area of research at all size scales, including the 
nanometer scale (macromolecular assembly), the mesoscale (cellular assembly), and the 
macroscopic scale (organ formation and interaction).  The nanometer scale is perhaps the 
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most important level to understand in the sense that all other levels, from the cell to the 
fully functioning organism, depend on the self-assembly of biological molecules at the 
nanometer scale.  
As in biology, the macroscopic properties of materials are intimately related to 
nanometer scale structure and composition.  Materials scientists have extensively studied 
the effects of nanometer scale structure, composition, and properties on macroscopic 
properties and performance.  However, the reverse problem is far more challenging.  
Engineering the nanometer scale structure and composition of a material to achieve a 
desired macroscopic property (materials by design) remains a difficult challenge for 
materials engineers and an active field of research19.  The directed self-assembly of 
nanometer scale materials is one method being investigated to achieve “materials by 
design”20,21.  Functional, multidimensional architectures produced by self-assembly will 
enable novel devices and properties that cannot be realized using unstructured materials.  
Self-assembly with precision, speed, and reproducibility of nanometer scale features is 
crucial for the development of technology in many fields including memory storage22-24, 
metamaterials25,26, photonic crystals1, plasmonics27-29, solar energy harvesting30-32, energy 
storage33-35, and tissue engineering36,37.  
Chapter 2 describes the template directed self-assembly of dynamic micellar 
particles.  This is a unique, versatile approach to achieve large area arrays of 
nanoparticles that cannot be achieved using traditional, hard sphere particles.  While this 
is important for the realization of novel arrangements of nanoparticles, the controlled 
assembly of hard sphere colloids remains important for many applications.   In the 
simplest form, template directed self-assembly can be achieved using featureless 
templates.  The assembly of hard sphere colloids on flat, featureless templates yields an 
ordered, or disordered crystal.  The applications of these colloidal crystals include 
photonic crystals1,38-40, solar energy harvesting18,32,41-43, energy storage44-48, sensors49-51, 
catalysis52-54, metamaterials55, plasmonics56,57, and biological scaffolds58,59.   
Silica, polystyrene, or polymethylmethacrylate spheres ranging from a few 
hundred nanometers to a few micrometers in diameter are commonly used for the 
fabrication of colloidal crystal templates60.  Simple sedimentation61, vertical deposition 
by capillary forces5, fluidic cells62, and spin coating63,64 are methods to organize spheres 
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into crystals.  In this thesis, colloidal crystallization using vertical deposition was 
achieved by placing a flat substrate, vertically in a heated solution containing the colloid 
building blocks.  As the solvent evaporated from the meniscus at the air, liquid, substrate 
interface more solution was drawn into the region by capillary forces providing a 
constant supply of colloids.  Colloidal crystals grew as this interface moved down the 
substrate.  High quality, well ordered crystals were achieved with careful selection of 
solvent, appropriate substrate preparation, and good control of colloid sphere diameter, 
temperature, humidity, and colloid concentration.   
Well-ordered colloidal crystals are one type of photonic crystal that can exhibit 
unique photonic properties derived from their regular, repeating structure.  The 
application of photonic crystals for solar energy harvesting, specifically using self-
assembled photonic crystals, is extensively discussed in Chapters 3-5.  A scanning 
electron micrograph (SEM) of a well-ordered colloidal crystal is presented in Figure 1.1a 
(fracture cross-section).  Well-ordered colloidal crystals are commonly called synthetic 
opals, or “opals” for short.  This term is used because well-ordered colloidal crystals, like 
the one in Figure 1.1a, have a very similar microstructure to natural opal gemstones40.   
Inverted colloidal crystals are commonly called “inverse opals.”  Inverse opals are 
fabricated by depositing a material on (or inside) a colloidal crystal template, whereby the 
colloidal crystal is a sacrificial template (see Section 1.1 for a discussion of the different 
deposition procedures).  Removal of the template yields an inverse opal.  Figure 1.1b is a 
SEM micrograph of a tungsten inverse opal (fracture cross-section).  
 
 
Figure 1.1 – a)  Ordered silica colloidal crystal (opal).  b)  Tungsten inverse opal.  Both 
images are fracture cross-section SEM micrographs.  
1µm 1µm
a b
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Chapter 6 discusses applications of disordered colloidal crystals for energy 
storage applications.  Colloidal crystal templates can be used to fabricate materials with 
high surface areas and high porosity at the nanometer scale.  The energy density and 
power density of energy storage materials can be greatly enhanced by introducing 
nanometer scale structure35,65.  Increased surface areas permits higher energy 
densities47,48.  Moreover, high porosity improves ion and electron transport kinetics and 
enables increased rate performance46.  In Chapter 6, colloidal crystal templates were 
used for the fabrication of 3D metal insulator metal (MIM) capacitors with enhanced 
energy densities and novel battery electrodes.  For these applications, an ordered crystal 
was typically not a requirement.  Thick colloidal crystal templates for energy storage 
applications were made using the same methods described above, however, less stringent 
experimental controls were required because order was not a constraint.  
 
1.3  Photonic applications of three-dimensional architectures  
 
Materials exhibiting three-dimensional structure with characteristic lengths 
ranging from nanometers to micrometers have extraordinary potential for emerging 
optical applications based on the regulation of light–matter interactions via the mesoscale 
organization of matter.  As the structural dimensionality increases, the opportunities for 
controlling light matter interactions become increasingly diverse and powerful.  
Chapters 3-5, and 7 focus on the development of 3D metallic architectures that serve as 
the basis for three-dimensional photonic crystals and metamaterials.  Photonic crystals 
are materials that possess a periodic modulation of the dielectric constant in one, two, or 
three dimensions and can achieve unprecedented control of light propagation66-68.  
Scattering and interference at the periodic interfaces between two materials yield 
photonic band properties analogous to electronic band properties for electron waves 
propagating in an atomic lattice.  The unique photonic properties of such periodic 
architectures are useful for applications including low-loss optical fibers69, spontaneous 
emission inhibition67, thermal emission modification70, negative refraction55, low 
threshold lasers71, efficient light emitting diodes72-76, sensors50,51,77,78, plasmonics79,80, and 
wave guiding81.  Chapters 3-5 focus on the use of photonic crystals for solar energy 
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harvesting applications.  More specifically, metallic (and conductive ceramic) photonic 
crystals with unprecedented thermal stability were studied.  These architectures emit 
thermal radiation in a narrowed range of energies.  When this energy is coupled to a 
photovoltaic cell with an electronic band gap energy comparable to the energy of the 
emitted thermal radiation, high efficiency conversion to electricity can be realized.  This 
type of thermal energy conversion using a photovoltaic cell is termed 
thermophotovoltaics.   
Electromagnetic metamaterials are structured materials (typically metallic 
materials) that exhibit photonic properties not found in naturally occurring solids.  They 
commonly require advanced multidimensional architectures, which are difficult, if not 
impossible, to fabricate via standard approaches.  Chiral metamaterials exploit chiral 
symmetry in periodically organized architectures to demonstrate interesting optical 
phenomenon not attainable using conventional metamaterials.  Chirality is inherently a 
3D phenomenon, thus the demonstration of chiral metamaterials requires advanced 3D 
design and fabrication.  Chapter 7 discusses the fabrication of chiral metamaterials using 
direct laser writing and metal electrodeposition.   
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CHAPTER TWO 
 
TEMPLATE DIRECTED SELF-ASSEMBLY OF DYNAMIC MICELLAR 
NANOPARTICLES*1 
 
2.1  Introduction 
 
The ability to pattern nanoparticle arrays in multiple dimensions will enable 
future devices, which exhibit functions that cannot be realized using unstructured 
nanoparticle arrays.  Herein we demonstrate the unique assembly properties of dynamic 
micellar nanoparticles by combining a top-down lithographic nanopatterning technique 
with a solution-based bottom-up self-assembly.  The templates for the directed self-
assembly of the micelles consisted of arrays of cylindrical recess features fabricated by 
nanoimprint lithography.  Silica was coated on this patterned substrate and subsequently 
selectively functionalized with a positively charged molecular monolayer (N-(3-
Trimethoxysilylpropyl) diethylenetriamine) to regulate the micelle-surface interactions. 
The self-assembled block co-polymer polystyrene-b-poly(4-vinyl pyridine) (PS480k–
PVP145k) micelles were approximately 325nm in diameter in aqueous solutions (pH = 
2.5) and 50nm in diameter in the dry state.  The average number of micelles assembled 
per feature increased from less than 1 to 12 with increasing feature diameter in the range 
of 200nm–1µm.  Using a 2D model for maximum packing of circles in circular host 
features, the effective sphere size of the micelles during assembly was calculated to be 
250nm in diameter.  Thus, the micelles exhibited three characteristic sizes (diameters) 
during assembly, 325nm in bulk solution, 250nm during assembly, and 50nm in the dry 
state.  This dramatic variation in nanoparticle volume during the assembly process offers 
unique opportunities for forming nanometer scale, multidimensional arrays not accessible 
using hard sphere building blocks. 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*  Content in this chapter was previously published by the author and reproduced with 
permission1.  Copyright Royal Society of Chemistry, 2011. 
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2.2  Template directed self-assembly 
 
Bottom-up synthetic procedures allow us to make nanometer scale materials in 
large quantities and at low cost.  However, materials made by bottom up synthetic 
procedures typically lack the long-range order required for many applications.  
Conversely, top-down lithographic procedures readily produce patterned materials with 
long-range order.  Top-down lithography is inherently limited to two dimensions, often 
costly, and generally does not have the ability to achieve the finer scales that are achieved 
using bottom-up synthetic procedures.  Template directed self-assembly is the link 
between these two methods that combines their intrinsic advantages for the creation of 
large area, low defect density, multidimensional architectures with nanometer scale 
features2,3. 
A number of research groups have followed this approach, using micrometer or 
sub-micrometer sized rigid particles and patterned substrates4-10.  One versatile approach 
pioneered by Xia9 resulted in defect-free assembly of micrometer sized spherical particles 
over large areas.  Using that approach, capillary forces directed spheres into 
lithographically defined features during de-wetting of an aqueous solution from a 
patterned surface.  Capillary forces, however, decrease with decreasing particle size and 
competing effects including Brownian motion and electrostatic forces can play a 
significant role in the self-assembly of nanometer scale materials.  Alivisatos, et al. was 
able to control the assembly conditions, most notably, the template contact angle, to 
mitigate these competing factors and achieve accurate assembly of 50nm metallic and 
semiconducting nanoparticles into lithographically defined features11.  In all these works, 
the physical dimensions of the assembled building blocks remained constant during the 
assembly process. 
In Section 2.3, the template directed self-assembly of dynamic objects, namely 
self-assembled micelles, is presented.  The micelles consisted of a hydrophobic core 
(polystyrene, PS) and a positively charged, hydrophilic shell (polyvinyl pyridine, PVP).  
The size of the micelles was closely related to the pH of the solution; at pH 2.5 the PVP 
chains were charged and thus repelled each other, causing the shell to swell and the 
micelle diameter to reach 325nm.  When dry, the micelles collapsed to be 50nm in 
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diameter.  Dynamic building blocks such as these micelles offer unique opportunities for 
self-assembly by allowing the formation of nanometer scale patterns and architectures 
that are not accessible using hard building blocks (e.g. non-close-packed structures).  
These micelles are also attractive as carriers of much smaller nanoparticles and other 
species that otherwise would not readily assembly in lithographically patterned 
substrates12-15.  
 
2.3  Template directed self-assembly of micelles 
 
2.3.1  Experimental  
 
 Dynamic micelles for template directed self-assembly were fabricated using the 
block co-polymer polystyrene-b-(4-vinyl pyridine), (PS480k – PVP145k), purchased 
from Polymer Source Inc. with no further purification.  The block co-polymer was 
dissolved in N,N-dimethylformamide (DMF).  An aqueous solution of HCl (pH 2) was 
added drop wise to the DMF/polymer mixture at a rate of 0.5mL/hour while stirring at 
350rpm.  In a typical synthesis, 5mL of the aqueous solution was added to 50mg PS-PVP 
block co-polymer dissolved in 1mL DMF.  
 Figure 2.1 outlines the process used to fabricate templates for directed micelle 
assembly.  A soft nanoimprint lithography approach was used to define cylindrical recess 
features in SU-8 (Micro-Chem, SU-8 2010) thin films using a polydimethylsiloxane 
(PDMS) mold.  Nanoimprint lithography is a powerful, low cost technique for the 
fabrication of large area arrays of features with <100nm resolution16,17.  Various arrays 
were fabricated with different feature sizes, ranging from 200nm – 1µm in diameter.  
After imprinting, ~25nm of silica was evaporated on the patterned SU8. 
Controlling the electrostatics of the surface of our template was imperative to 
achieve directed micelle assembly.  A molecular monolayer was printed on the top 
surface of the template using a planar PDMS stamp that was inked with a solution of N-
(3-trimethoxysilylpropyl) diethylenetriamine (DEAS) in hexane.  This monolayer had 
amine functional groups that carry a positive charge.  The importance of electrostatics for 
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Figure 2.1 – Schematic of the template fabrication process for directed micelle assembly.  
a)  Recessed cylindrical features were imprinted into SU8 using nanoimprint lithography 
and coated with silica via evaporation.  b)  The top surface of the template was 
selectively functionalized with DEAS by micro-contact printing using a PDMS stamp.   
c)  Functionalized template prior to micelle assembly. 
 
the template directed assembly of the micellar particles is explained in the next section 
(Section 2.3.2).  Prior to printing, the silica surface was cleaned using an oxygen plasma 
treatment.  The inked stamp was brought into conformal contact with the silica-coated 
patterned substrate for 30 seconds and then the substrate was rinsed with ethanol.  During 
printing, only the top surface of the patterned substrates was in conformal contact with 
the PDMS stamp as a result of the planar stamp geometry.  Thus, DEAS molecular 
monolayers were printed only on the top surface of the patterned substrates and generally 
not in the bottom of the recessed features (see Figure 2.1).  The monolayer printing 
procedures were characterized using atomic force microscopy (AFM) and ellipsometry 
on test samples printed on silicon wafers, verifying that monolayers were being printed 
uniformly over large areas.  AFM analysis showed RMS roughness values ranging from 
0.12nm to 0.13nm and no evidence of large polymerized species.  For all concentrations, 
the thickness of the DEAS layer was measured to be 2.5nm using ellipsometry, consistent 
with ellipsometric measurements performed on similar aminosilane monolayers18,19. 
 The patterned and functionalized templates were vertically dip coated (Figure 
2.2) in the micelle solution (pH = 2.5).  After dip coating, the template was rinsed with 
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copious amounts of distilled water.  The assembled micelle arrays were imaged using 
scanning electron microscopy (SEM).  The template feature size was measured using 
ImageJ (public domain image processing program downloaded from the National 
Institute of Health).  All measurements made using these images were calibrated using 
the known center-to-center distance of the imprint patterns.  
 
 
Figure 2.2 – a)  Schematic front and b) side view of functionalized templates during dip 
coating in an aqueous micelle solution (pH = 2.5).  The micelles are shown both in 
solution and inside the recessed features of the functionalized template after removal 
from the solution. 
 
 
2.3.2  Micelle packing in patterned templates 
 
The size of the micelles was closely related to the pH of the solution; at pH 2.5 
the PVP chains were charged and thus repelled each other, causing the shell to swell and 
the micelle diameter to reach 325nm as determined by dynamic light scattering. 
However, when dry, or in higher pH solutions, these chains condensed, decreasing the 
overall size of the micelle.  The dynamic PVP shell could swell and condensed over a 
range of ~275nm in diameter, changing in volume by a factor of 275.  Patterned 
substrates for the directed self-assembly of these dynamic micellar building blocks were 
fabricated by a soft nanoimprint lithography technique16,17 that is useful for 
manufacturing large area, defect free, recessed features with various dimensions and 
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shapes.  A simple dip coating procedure was used to drive template directed self-
assembly of micelle arrays (Figure 2.2).  Capillary forces alone during de-wetting (as the 
drying line passed down the substrate) were insufficient to direct assembly of the 
dynamic micelles into the template features.  After dip coating slightly negatively 
charged substrates (un-functionalized silica in a pH = 2.5 solution), directed micelle 
assembly was not observed; micelles non-specifically deposited in the recessed features 
and on the top surface of the template (Figure 2.3a). 
It is known that electrostatics can significantly influence template directed 
assembly20.  This effect is of course strongest when the particles are highly charged, as is 
the case for this study.  Using this effect to our advantage, we spatially modified the 
electrostatic environment of the template to assist with the directed assembly of micelles.  
A soft lithography approach was utilized to selectively functionalize the top surface of 
the template with a positively charged monolayer, leaving the bottom of the features 
slightly negatively charged (silica at pH 2.5).  After printing, only the top surface of the 
templates experienced a charge inversion, going from slightly negative to positive.  This 
charge inversion process was vital to achieving template directed assembly of dynamic 
micelle arrays.  Figure 2.3b presents an SEM image of representative micelle assembly 
observed after dip coating onto substrates selectively functionalized with DEAS; micelles 
were directed into the recessed features and no micelles remained on the top surface. 
 
 
Figure 2.3 – a) Directed assembly of micelles was not observed using non-functionalized 
patterned substrates coated with silica (no DEAS).  Micelles non-specifically adhered to 
all surfaces.  b) Representative template directed assembly of micelles using DEAS 
selectively functionalized patterned templates.  Micelles were found inside the recessed 
features of the patterned template but not on the top surface.  Inset shows higher 
magnification image of micelle assembly inside a single feature with a 530nm diameter. 
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Previous studies have shown that the number of building blocks that can be 
assembled into a template feature is determined by the ratio between the dimensions of 
the template feature and the dimensions of the building block9.  This relationship was 
studied by assembling micelles into various templates, each with a different characteristic 
feature dimension.  The diameter of the feature, as measured at the top surface of the 
patterned substrates, was used as the characteristic feature dimension (DTemplate).  Not 
surprisingly, the average number of micelles per feature (NAVG) increased as DTemplate 
increased from 200nm to 1µm.  The average number of micelles per feature was 
calculated by manually counting the number of micelles observed in at least 50 features. 
The counted averages were plotted as a function of the area per template feature 
(calculated using DTemplate) and displayed in Figure 2.4.  The relationship between NAVG  
 
 
Figure 2.4 – Average number of micelles per feature as a function of area per feature. 
Three data sets are included representing NAVG resulting from assembly on templates 
functionalized using different DEAS concentrations in hexane (0.2, 0.3, and 0.4mM). 
Maximum packing was observed for 0.2mM DEAS.  Lower concentrations of DEAS in 
hexane resulted in non-specific attachment of micelles on the top surface of the patterned 
substrate.  Increased concentrations of DEAS in hexane resulted in fewer micelles per 
feature over all feature sizes because of DEAS molecules diffusing to the bottom of the 
recessed features through the vapor phase.  Linear regressions are included to emphasize 
the difference in NAVG as a function of feature size for the three different concentrations 
of DEAS used for printing. 
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and feature size was reproducible over large areas of each substrate and multiple samples. 
Representative distributions of count data for three different feature sizes (0.25µm, 
0.61µm, and 1.04µm in diameter) are presented in Figure 2.5.  The distributions of the 
count data were close to normal around the calculated averages demonstrating that the 
data is generally not clustered and is uniformly distributed over large areas. 
Due to the dynamic nature of the micelles, the characteristic size of our building 
blocks during template directed assembly was significantly different from the 
characteristic size in bulk solution or in the dry state.  We considered assembly after 
monolayer printing using a solution of 0.2mM DEAS in hexane to be the case of 
maximum packing.  The effect of DEAS concentration on micelle assembly is presented 
in Figure 2.4 and will be explained, in detail, in the next section (Section 2.3.3).  To 
summarize, lower solution concentrations of DEAS resulted in non-specific attachment 
of micelles on the top surface of the patterned substrates.  However, at higher solution 
concentrations of DEAS, we suspect some DEAS was deposited in the bottom of the 
features, altering the micelle-surface interaction, and decreasing the observed NAVG.  The 
assembly data acquired for this concentration of DEAS (0.2mM) was compared to a 2D 
model for the maximum packing expected for circles in circular features21.  Since the 
depth of the cylindrical features (~250nm) is less than the diameter of the micelles in 
bulk solution (325nm), and the micelles are repulsive, we expect monolayer packing and 
thus we can use this 2D model to understand the micelle assembly.  Using this 2D model, 
 
 
Figure 2.5 – The distribution of the number of micelles per feature for three different 
feature sizes, 250nm, 610nm, and 1.04µm (all measured in diameter). These distributions 
are representative of the data over large areas of a sample. This data was obtained from a 
sample printed with 0.2mM DEAS. 
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the number of circles that can pack per feature was plotted in Figure 2.6 as a function of 
the ratio between the diameter of a host circle and the diameter of the circles being 
packed.  The average number of micelles per feature as a function of the same ratio 
between the diameter of the template feature and the diameter of the micelle matched 
well to the expected trend (Figure 2.6).  The measured data matched the calculated step 
function best for a micelle diameter of 250nm.  Thus, the characteristic diameter of the 
micelles during assembly was 75nm less than the diameter in bulk solution.  Figure 2.7 
schematically shows this maximum packing of micelles when in the swollen state with a 
diameter of 250nm.  We propose that de-swelling of the PVP shell or overlap of the PVP 
chains on adjacent micelles during assembly could explain the difference in the measured 
micelle diameter in bulk solution and calculated micelle diameter during template 
directed assembly. 
The dramatic shrinking of the micelles while remaining in a defined location 
(Figure 2.7), and note that the particles are almost never touching in the dry state (Figure 
2.3b), offers unique opportunities for the self-assembly of functional, multidimensional, 
 
Figure 2.6 – 2D model for maximum packing of circular objects in circular features 
plotted as a step function (black line)21.  The average number of micelles per feature is 
plotted as a function of the ratio between the diameter of the host feature and the diameter 
of the micelles (black dots).  Assuming a micelle diameter of 250nm, the counted data for 
NAVG as a function of this ratio matched closely to the calculated maximum packing 
density. 
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nanometer scale arrays.  Moreover, these dynamic structures represent a bridge between 
the larger scale of top down lithographic methods and the fine nanometer scale 
achievable using bottom up self-assembly.  The manufacturing of nanometer scale 
architectures will not be possible using one of these techniques alone, however, it will be 
the combination of these two techniques that will be at the forefront of research involving 
the fabrication of functional devices with nanometer scale features.  Template directed 
self-assembly using dynamic building blocks presents one potential integration 
method2,22,23. 
 
 
Figure 2.7 – a)  Schematic of maximum packing assuming a micelle diameter of 250nm 
in the wet state during assembly.  b)  After drying, the micelles remained in their directed 
positions, but condensed to a diameter of 50nm.  The feature diameter was 530nm. 
 
2.3.3  DEAS monolayer printing and micelle assembly 
 
Slight alterations in the DEAS printing protocol significantly altered the observed 
NAVG for a given template feature size.  More specifically, the concentration of DEAS in 
hexane or the printing time altered NAVG observed after assembly for a given feature size. 
We quantified this effect by studying assembly using three different concentrations of 
DEAS in hexane for printing while keeping the printing time constant (30 seconds).  The 
resultant NAVG as a function of feature size for the three DEAS concentrations are 
presented in Figure 2.4.  Increasing the concentration of DEAS in solution resulted in 
fewer average numbers of micelles per feature (lower NAVG, for all feature sizes). 
We hypothesize that this difference in assembly could be attributed to DEAS 
depositing inside the recessed features during printing by diffusing through the vapor 
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phase.  DEAS printed inside features could alter the interaction energy of the micelles 
with the silica surface. Micelles remain inside the recessed features during drying 
because the electrostatic interaction energy between the slight negative charge of the 
bottom of the recessed feature and the positive charge of the micelles is greater than the 
capillary force trying to keep the micelles in solution during de-wetting (drying).  If this 
electrostatic interaction energy is decreased, potentially by the deposition of positively 
charged DEAS molecules, the capillary force may dominate, pulling micelles out of 
recessed features during de-wetting. 
To support this hypothesis, a lower molecular weight (higher vapor pressure) 
amino silane, 3-aminopropytriethoxysilane (APS), was printed on the top surface of 
patterned templates instead of DEAS, using the same printing procedure.  After dip 
coating, the APS functionalized templates showed almost no micelles remaining on the 
template (inside the recessed features or on the top surface) for all three concentrations 
(0.2mM, 0.3mM, 0.4mM).  The APS experiment suggested that the silane volatility 
altered the resultant electrostatic environment of the bottom of the recessed features.  
While DEAS is less volatile than APS, we expect that some DEAS was diffusing through 
the vapor phase into the recessed features, most prominently at higher DEAS 
concentrations. Thus, vapor phase transport most likely contributed to the observation 
that increasing the concentration of DEAS in hexane resulted in few micelles per feature. 
 
2.4  Conclusions 
 
This chapter demonstrated the template directed assembly of dynamic PS-PVP 
core-shell micelles into features defined via soft nanoimprint lithography.  Capillary 
forces alone were insufficient to direct micelles into the template features.  A positively 
charged molecular monolayer was selectively printed on the top surface of the patterned 
template providing a surface with coupled topographic and electrostatic features.  This 
monolayer was essential to achieving successful micelle assembly over large areas.  The 
dynamic micelles had 3 characteristic diameters observed at different stages of the 
assembly process: 325nm in bulk solution, 250nm during assembly, and 50nm in the dry 
state.  This work here is the first example of assembly of dynamic objects into 
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topographic features, and we expect that the three dramatically different dimensions 
could be exploited for applications in nanometer scale assembly that cannot be achieved 
using hard sphere particles. 
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CHAPTER THREE 
 
PHOTONIC CRYSTALS AND SOLAR THERMOPHOTOVOLTAICS (STPV) *1  
 
3.1  Introduction to photonic crystals 
 
Photonic crystals are materials that possess a periodic modulation of the dielectric 
constant in one, two, or three dimensions (Figure 3.1) and can achieve unprecedented 
control of light propagation2-4.  Scattering and interference at the periodic interfaces 
between two materials yield photonic band properties analogous to electronic band 
properties for electron waves propagating in an atomic lattice.  Light interference can be 
constructive or destructive depending on the periodic structure, the direction of 
propagation, and the photon energy.  As a result, the propagation of light with certain 
energies and in certain directions can be disallowed (photonic band gap).  Proper design 
of the periodic structure and appropriate materials selection is used to realize photonic 
band gaps.  Increasing the refractive index contrast between the two periodically arranged 
materials can spectrally expand the photonic band gap5.  The spectral location of these 
photonic properties depends on the characteristic dimension of the repeating unit cell.   
Thus, the photonic properties of a photonic crystal are scalable simply by changing the 
characteristic size of the periodic features. Increasing dimensionality gives engineers 
more degrees of freedom to design architectures with specifically targeted photonic 
properties.  The photonic band gap for 3D photonic crystals is called a “complete” 
photonic band gap if the photonic density of states (DOS) is zero for all crystallographic 
directions.  In practice, the photonic DOS within a complete photonic band gap is 
strongly suppressed, but may not be zero due to structural imperfections.  Photonic band 
gaps that are directionally dependent are called pseudo photonic band gaps.  Colloidal 
self-assembly is the simplest and most widely utilized approach to form 3D photonic 
crystals.  The photonic properties of self-assembled colloidal crystals can rival or exceed  
                                                       
*
  Content in this chapter was previously published by the author and reproduced with 
permission1.  Copyright American Chemical Society, 2011. 
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Figure 3.1 – Schematic representation of a) 1D photonic crystal b) 2D photonic crystal, 
and c) 3D photonic crystal.  Image reproduced from Reference 3. 
 
photonic crystals formed via much more complex methods.  See Chapter 1 for more 
details regarding colloidal self-assembly or other methods to fabricate 3D architectures. 
 
3.2  Introduction to solar thermophotovoltaics  
 
The large distribution of energies radiated by the sun is one of the fundamental 
reasons solar energy harvesting is challenging because photovoltaic (PV) cells convert 
solar radiation to electricity most efficiently over a very narrow range of energies.  Two 
main loss mechanisms arise when using a single junction PV cell to convert the 
broadband solar spectrum to electricity.  Photons that do not have enough energy to 
excite an electron into the conduction band of the semiconducting material are 
completely lost (sub electronic band gap photons).  Photons with energies much higher 
than the electronic band gap energy can be used to generate electricity, however, the 
excess energy is lost as heat to the semiconductor material.  Losses due to sub electronic 
band gap photons and thermalization of high-energy photons contribute to the limit in 
efficiency that can be achieved using a single junction PV cell (Shockley Queisser 
Limit)6.  This limit is slightly different for the different PV materials.  Shockley and 
Queisser originally calculated the limit to be 30% assuming a silicon solar cell.  
One approach to minimize the deleterious effects of the broad solar spectral 
distribution on energy conversion efficiencies is to use multiple semiconducting materials 
with different band gap energies (termed multi-junction or tandem PV cells)7-10.  This 
a b c
27 
 
technology uses many different layers of semiconducting materials to achieve lattice 
matching, tunnel junctions, and the proper band alignment required for high efficiency 
energy conversion.  The design and fabrication of PV cells with multiple junctions is 
costly and complicated, limiting their applications to niche markets such as 
extraterrestrial vehicles.  
Another approach to minimize losses in solar energy conversion and exceed the 
Shockley Queisser Limit is to spectrally modify solar energy before it reaches the PV 
cell.  If the solar spectrum could be converted to near monochromatic radiation with 
energies comparable to the electronic band gap energy of a PV cell, losses due to the 
mechanisms mentioned above would be minimized and solar energy conversion 
efficiency enhanced.  Solar thermophotovoltaics (sTPV) is the technology that pursues 
the ideal device described above11-18.  A functional sTPV device would achieve spectrally 
modified radiation using a two-component intermediate material, placed between the sun 
and the PV cell (Figure 3.2).  The first component, the broadband absorber, absorbs all 
radiant energies emitted by the sun and transfers that energy as heat to the second 
component, the narrow band thermal emitter.  The emitter component thermally emits 
radiation in a narrowed, useful range of energies toward the PV cell.  If this narrowed 
range of energies were comparable to the electronic band gap energy of the PV cell, the 
result would be a minimization of losses and enhanced efficiencies.  As shown in Figure 
3.2, the PV cell is maintained at room temperature.  A real device would, therefore, be 
under vacuum to minimize heat transfer from the high temperature intermediate to the PV 
cell.  See References 13,14,16,17,19 for proposed designs.  
The power output and conversion efficiency of an sTPV system depend strongly 
on emitter temperature (TE).  In accordance with the Stefan-Boltzmann Equation, the 
radiated power from a black body source (BB, an idealized body that absorbs all 
electromagnetic radiation) will increase proportionally to the fourth power of 
temperature.  In the same manner, real materials also emit more radiation as temperature 
is increased.  In a sTPV system, a narrow band thermal emitter operating at a higher 
temperature will emit more radiation.  More radiation available for conversion to 
electricity increases the power output of the sTPV device.   
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Figure 3.2 – Schematic of an sTPV system.  A broadband absorber collects all radiant 
energies emitted by the sun.  This energy is transferred as heat to a narrow band thermal 
emitter.  Thermal emission is directed toward a single junction PV cell with an electronic 
band gap energy comparable to the energy of the narrow band thermal emission. 
 
The spectral shape of thermal emission from a BB material is the same at all 
temperatures, however, the peak intensity decreases and shifts to longer wavelengths as 
temperature decreases.  The Wien’s Displacement Law states that the peak position (λmax) 
of BB thermal emission spectrally shifts in a predictable manner as a function of 
temperature, T (Equation 1). 
 
λmax T = 2.898 x 10-3 m K                 Equation 1 
 
The power of thermal emission from a real material, at a given energy, cannot 
exceed the power emitted by a BB.  Thus, maximum power output from a narrow band 
thermal emitter at temperature, T, is achieved when the spectral position of the allowed 
emission band coincides with the BB λmax for the same temperature, T.  Maximum 
efficiency of a TPV device is achieved when λmax is comparable to the energy of the PV 
cell electronic band gap.  For this reason, emitter temperatures greater than 2000°C 
would be required for an sTPV system implementing a silicon solar cell (Eg = 1.12µm)20.  
For a real sTPV device, TE will be less than 2000°C because of materials stability 
limitations at elevated temperatures.  Using Equation 1, λmax is calculated to be 1.63µm 
at 1500°C and 2.28µm at 1000°C.  Thus, PV materials with lower energy electronic band 
gaps are required as emitter temperature decreases.  Recent work has focused on the 
development of PV materials with electronic band gap energies comparable to the λmax at 
Single junction 
solar cell
TSUN = 5500°C T INT > 1000°C T CELL = 25°C
Absorber Emitter 
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realistic operating temperature (1000°C – 2000°C)21-24.  Low electronic band gap 
materials studied include Ge, GaSb, InGaAs, GaInAsSb.  References 15, 25, and 26 more 
extensively review literature reports of laboratory scale TPV devices using low electronic 
band gap PV materials.   
Thermal stability up to at least 1000°C for extended time, is a key requirement for 
a sTPV absorber/emitter intermediate to obtain useful system performance (power output 
and energy conversion efficiency).  A number of other works have attempted to 
accurately predict the sTPV system efficiency as a function of temperature, while 
accounting for potential losses in a real device.  Potential loss mechanisms in a real sTPV 
device include heat transfer losses, non-radiative recombination in the PV cell, losses in 
solar concentration optics, and an imperfect spectral distribution arriving at the PV cell.  
The models approach the system performance calculation differently and they each 
account for different loss mechanisms.  The reader is referred to References 11-13,16-18 
for more detailed analyses.  To summarize the results, these models suggest the emitter 
temperature must be great than 1000°C and the obtainable energy conversion efficiency 
will increase with increasing emitter temperatures, up to perhaps 60%.  These studies also 
predict relatively high power outputs in the range of 1-10 W/cm2. 
Thus far, this chapter has discussed TPV for the specific application of solar 
energy harvesting (sTPV).  However, there is much interest in utilizing this technology 
for waste heat applications11.  Waste heat produced from nuclear, industrial, and 
combustion processes can be harvested using a TPV system.  The waste heat directly 
heats a narrow band thermal emitter coupled to an appropriate PV cell (no broad band 
solar absorber is required).  TPV systems utilizing thermal sources other than the sun 
could also be useful as portable energy sources, remote location energy sources, battery 
charging stations, and vehicular power.  For these applications, the heat source is 
typically a combustion process.  TPV systems for these applications are advantageous 
because they can operate using a variety of combustible sources, have high power 
densities, produce clean, reliable, and efficient energy using a quiet system that has no 
moving parts, and less maintenance concerns20,27-30.   
Two companies, JX Crystals (http://jxcrystals.com/drupal) and MTPV 
(http://www.mtpv.com) are developing larger scale TPV devices for commercial 
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applications.  JX Crystals reports efficiencies of 10% for a 20W system using a butane 
heat source.  They claim their device has 6.5x higher specific capacity and lasts 7x longer 
than a Li-ion battery.  JX Crystals has also developed a 1.5kW system.  MTPV is 
developing TPV devices with output powers ranging from 200W – 250kW.  Their 
devices can output more power as compared to conventional TPV systems because they 
place their emitter very close (<200nm) to the PV cell.  This proximity allows for more 
radiant energy to be transferred and collected by the PV cell resulting in an order of 
magnitude increase in power density31.  To the best of the author’s knowledge, both of 
these companies use grey body emitters without spectral filters in their products.  Thus, 
their products would be even more efficient, if they used a reliable narrow band thermal 
emitter that matched their PV cell electronic band gap energy.  
 
3.3  Using metallic photonic crystals for sTPV applications 
 
Designs for highly efficient and effective broadband absorbers are well-
understood13,32,33.  A narrow band thermal emitter is far more challenging and is the 
limiting component preventing sTPV from being a viable technology because 
engineering the spectral distribution of thermal emission from a given material is 
extremely challenging.  Narrow band thermal emission can be attained using grey body 
emitters with spectral filters or by using selective emitters (materials that emit in a 
narrowed range of energies).  Spectral filters are well studied but disadvantageous 
because they may limit the maximum operating temperature and complicate the device 
design.  Two classes of spectral filters that are widely discussed for TPV applications 
include 1D Bragg stacks and plasmonic filters such as transparent conducting oxides.  
Bragg stacks are disadvantages because their spectral response is typically not broad 
enough to limit all undesired radiant frequencies.  Also, stringent control of layer 
thickness and interface quality presents manufacturing challenges.  Plasmonic filters are 
disadvantageous because they are lossy, reducing the overall system efficiency.   
Rare earth doped materials are one example of a selective emitter.  They emit 
radiation in very narrow bands due to their unique electronic structure11,15.  The 
outermost d orbital electrons shield the 4f valence electrons that are responsible for 
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emission and absorption properties.  The 4f electrons are, as a result, isolated and do not 
interact with electrons from other atoms, even at solid densities.  Using quantum 
mechanical terms, the wave functions of the 4f electrons do not overlap with neighboring 
wave functions11.  The resultant narrow band emission properties are very attractive, 
however, at elevated temperatures, these materials deviate from the ideal emission 
properties described above and generally do not emit enough power for practical TPV 
systems15.  
Periodically structuring materials is an effective method to achieve spectrally 
selective thermal emission.  If this periodic modulation is on the order of the wavelength 
of light, resonant modes and/or photonic band gaps modify the photonic density of states 
(DOS) of the structure.  A frequency regime of zero, or low, photonic DOS has a 
characteristic low absorbance and high reflectance.  Kirchhoff’s law states that thermal 
emission is directly related to absorption.  Thus, we expect a periodic structure to have 
suppressed thermal emission within frequency regimes of zero, or low, photonic density 
of states.  
Photonic crystals are one class of periodically structured materials that can 
strongly modulate the photonic density of states and thus modulate the spectral 
distribution of thermal emission11,34,35.  With proper materials selection and design of the 
structure, photonic band gaps, or frequency regimes within which the photonic density of 
states is zero2,36, are realized.  Moreover, the photonic density of states is enhanced at a 
photonic band edge.  Two-dimensional hole arrays in tungsten or tantalum (2D photonic 
crystals) have been extensively studied for use as narrow band thermal emitters in a TPV 
system (Figure 3.3a)37-43.  Control of light in all three dimensions is especially useful for 
thermal emission applications because thermal emission is omni-directional by nature.  
Three-dimensional photonic crystals are advantageous for TPV applications because they 
can possess a complete photonic band gap in all directions, which cannot be achieved 
using 2D photonic crystals.  Moreover, increasing dimensionally provides engineers with 
more degrees of freedom for the design of specific emission properties desired for TPV 
applications.   
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Figure 3.3 – a)  2D tungsten photonic crystal.  Image reproduced from Reference 58.  b) 
3D tungsten woodpile photonic crystal.  Image reproduced from Reference 8. 
 
Metallic photonic crystals are particularly interesting for sTPV because they 
exhibit spectrally wide photonic band gaps as compared to their dielectric counterparts. 
However, the top surface of a 3D metallic photonic crystal is a 2D periodic structure that 
can support resonant modes, altering the thermal emission from such architecture.  
Computational and experimental studies have discussed the relationship between surface 
resonant modes and 3D photonic band gaps to explain reports of modified thermal 
emission using 3D metallic photonic crystals34,35,44.   
Previous studies demonstrated that 3D metallic photonic crystals could tailor the 
absorption of a material as a direct result of the photonic density of states of the 
multidimensional periodic structure.   Fleming et al. reported modified thermal emission 
due to the photonic bad gap of a tungsten woodpile photonic crystal (Figure 3.3b)34.  The 
woodpile fabrication is, however, complex, costly, and slow.  For sTPV applications 
using 3D photonic crystals, it is necessary to fabricate high quality, thermally stable 
structures using metallic materials at low cost and over large areas.  Parallel processing 
strategies (self-assembly or interference lithography) are particularly attractive.  
Chapters 4 and 5 describe the use of self-assembled colloidal crystals to template the 
growth of a metallic phase (or conductive ceramic phase), however, this approach is quite 
general, and other templates could be considered.  Based on experimental studies with Ni 
inverse opals35 and simulations of tungsten inverse opals44, we expect that properly 
designed metallic inverse opal photonic crystals could modulate thermal emission.  
Tungsten is a widely studied material for thermophotovoltaic systems incorporating a 
photonic crystal architecture because tungsten is a refractory material with intrinsic 
a b
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preferential emission at higher frequencies11.  The deposition of tungsten inside self-
assembled templates was previously demonstrated using chemical vapor deposition45, sol 
gel processing46,47, and electrodeposition1.  However, none of these reports demonstrate 
the necessary combination of thermal stability and modified thermal emission required 
for thermophotovoltaics.  
Engineering thermally stable metallic photonic crystals using low cost large area 
templates remains an unsolved challenge for thermophotovoltaic energy conversion.  
Tungsten photonic crystals fabricated by electrodeposition and atomic layer deposition 
inside self-assembled templates are explored in Chapter 4.  Hafnium diboride (a 
conductive refractory ceramic material) photonic crystals fabricated by chemical vapor 
deposition inside self-assembled templates are explored in Chapter 5. 
 
3.4  Measuring the reflectance and emissivity of photonic crystals 
 
 The distribution of the photonic DOS of a photonic crystal is commonly probed 
using reflectance measurements.  In this work, a Fourier transform infrared spectrometer 
(FTIR) with a microscope attachment was used to measure the reflectance of fabricated 
photonic crystals.  The FITR exposed a photonic crystal with an interferogram generated 
by a Michelson Interferometer.  The interferometer consisted of a beam splitter, 
stationary mirror, and a moving mirror.  Incoming light from a broadband source was 
split and directed to the two mirrors.  As the moving mirror translated toward and away 
from the beam slitter, the phase of the reflected light arriving at the beam splitter shifted.  
The resultant interferogram generated by recombining the reflections from the two 
mirrors experienced constructive and destructive interference as a function of this phase 
change (mirror position).  After recombination, the interferogram was sent to the sample 
thorough an external microscope.  A detector collected the light reflected from a photonic 
crystal and a Fourier transform was performed to translate the spatial information of the 
interferogram to the frequency domain.  Thus, reflectance as a function of frequency was 
plotted to study the photonic properties of a sample. 
A silver mirror was used as a reference for all measurements.  Reflectance 
spectrums were collected using a Vertex 70 Fourier transform infrared spectrometer with 
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a Bruker Hyperion microscope attachment.  Data in the visible to 1.2µm were collected 
using a 10x glass microscope objective (NA = 0.1), quartz beam splitter, and a silicon 
diode detector.  Data from 1.2µm to 1.8µm were collected using a 10x glass microscope 
objective (NA = 0.1), quartz beam splitter, and a liquid nitrogen cooled InSb detector.  
Measurements for wavelengths greater than 1.8µm were collected using an 8.89x ZnSe 
microscope objective (NA = 0.08), CaF2 beam splitter, and a liquid nitrogen cooled InSb 
detector. 
 Thermal emission is difficult to accurately measure.  Challenges include 
calibration to a standard black body reference, minimizing collection of emission from 
the underlying substrate and heater, achieving an isothermal environment, and 
minimizing oxidation during the measurement48-50.  Standard black body references can 
be purchased, however, appropriate calibration and normalization requires an accurate 
measurement of sample temperature.  Direct contact methods to measure temperature 
cannot be used because heat is removed from the point of contact, creating thermal 
gradients in the sample.  In this thesis, Wien’s Displacement Law was used to determine 
the sample temperature (Equation 1).  Oxidation can be avoided by heating the sample in 
an inert atmosphere, reducing atmosphere, or vacuum.  Choice of atmosphere depends on 
the material being studied and the temperature of operation. 
 Two different experimental systems were used to measure thermal emission in 
this thesis.  The first was located in Paul Braun’s laboratory at the University of Illinois at 
Urbana-Champaign.  Chapters 4 and 5 will refer to this system as the “Illinois” thermal 
emission measurement system (emissometer).  Thermal emission at Illinois was collected 
using the same FTIR spectrometer and microscope used to collect reflectance 
measurements described earlier in this section.  The FTIR with a microscope attachment 
is effective for measuring thermal emission because the microscope has a known spot 
size that was easily translated in the plane perpendicular to the emission collection 
direction.  To collect the thermal emission of a photonic crystal, all internal light sources 
were turned off and the sample was placed in a sealed heating element (Linkam 
FTIR600), on the microscope stage.  Forming gas (5% hydrogen in argon) was flowed 
over the sample to protect it from oxidation.  This was effective in protecting tungsten 
and hafnium diboride at 600°C.  Emitted light was collected using a 2.4x CaF2 
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microscope objective with a 0.07 numerical aperture and sent through an interferometer 
with a CaF2 beam splitter, and to a mercury cadmium telluride (MCT) detector.  Raw 
emission data was normalized using emission data collected, at the same temperature, 
from a glassy carbon plate.  Glassy carbon is not, however, a true black body.  Therefore, 
the calculated emissivity data was only qualitative.  Differences in emissivity were used 
to compare the relative emissivity of different materials, however, the absolute value of 
the emissivity was not trusted.    
 The second experimental system used to measure thermal emission was located in 
Shanhui Fan’s laboratory at Stanford University.  Chapters 4 and 5 will refer to this 
system as the “Stanford” emissometer.  This system is schematically described in Figure 
3.4.  This emissometer was developed by Nicholas Sergeant and consisted of a hot stage 
(HeatWave Labs, Model 104863) in a vacuum chamber, focusing optics, a black body 
reference source, and a FTIR (Thermo Scientific Nicolet 6700).  The black body 
reference source and temperature controller were purchased from Boston Electronics (IR-
564 and IR-301, respectively).  Samples were mounted on the heating stage inside the 
vacuum chamber.  The vacuum system base pressure of 1x10-6 Torr was achieved using a  
turbo molecular pump.  This vacuum level was sufficient to prevent sample oxidation 
during heating.  Light emitted from the sample exited the vacuum chamber through a 
CaF2 window, reflected off of two gold parabolic mirrors (PM1 and PM3), passed 
through an interferometer with a CaF2 beam splitter, and was finally collected by a MCT 
detector (Figure 3.4a).  An aperture (APT) was placed in the optical path, between the 
two gold mirrors.  This aperture was used to control the spot size measured from the 
sample.  A laser was used to align the mirrors and translate the collection area.   
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Figure 3.4 – Schematic of Stanford emissometer.  a) Emissometer configured for 
collection of thermal emission from a heated sample in the vacuum chamber.  b)  
Emissometer configured to collection of thermal emission from the black body reference 
source.   
 
 The black body reference source was mounted opposite to and facing the vacuum 
chamber.  PM1 was mounted on a translatable stage with a second, identical gold 
parabolic mirror (PM2).  PM1 and PM2 were mounted at 90° with respect to each other.  
Translating the stage toward the black body reference source aligned PM1 with PM3 for 
collection of thermal emission from a heated sample in the vacuum chamber (Figure 
3.4a).  Translating the stage toward the vacuum chamber aligned PM2 with PM3 for 
collection of thermal emission from the black body reference source (Figure 3.4b).  In 
the two different configurations, the distance from PM1 to the surface of the heat stage 
was identical to the distance from PM2 to the black body source.   
 First, the raw spectral radiance of the black body reference source was collected at 
one temperature, SBB,Measured(λ,T).  A transfer function (Equation 2) of the emissometer 
was calculated by dividing the theoretical black body spectrum, LBB,Theory(λ,T), by the 
measured spectrum, SBB,Measured(λ,T). 
 
TF (λ) = LBB,Theory(λ,T) / SBB,Measured(λ,T)                     Equation 2 
 
The transfer function was independent of temperature and was used to accurately 
calculate the true spectral radiance of our photonic crystals, LPhC(λ,T) (Equation 3). 
 
LPhC(λ,T) = TF(λ) x SPhC,Measured(λ,T)                         Equation 3 
FTIR
Black body
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The relative emissivity (ε) of our photonic crystals was the ratio of LPhC(λ,T) to 
LBB,Theory(λ,T) (Equation 4) 
 
εPhC(λ,T) = LPhC(λ,T) / LBB,Theory(λ,T)                        Equation 4 
 
Appropriate normalization using the methods described above required an 
accurate measurement of sample temperature.  Direct contact methods to measure 
temperature cannot be used because heat is removed from the point of contact, creating 
thermal gradients in the sample.  In this study, Wein’s, Displacement Law was used to 
determine the sample temperature (Equation 1).  The spectral shape of thermal emission 
from a BB material is the same at all temperatures, however, the peak intensity decreases 
and shifts to longer wavelengths as temperature decreases.  The Wien’s Displacement 
Law states that the peak position (λmax) of BB thermal emission spectrally shifts as a 
function of temperature (Equation 1). 
After calculating the true spectral radiance of our photonic crystals (LPhC(λ,T)), 
the peak position of the spectral radiance was computationally determined.  This peak 
position was used to calculate the sample temperature and often deviated from the hot 
stage temperature setting.  We verified this method was appropriate to calculate the 
temperature of a thermal source (black body reference or photonic crystal) by first 
calculating the transfer function using the black body reference source and Equation 2.  
Next, the raw spectral radiance of the black body source (SBB,Measured(λ,T)) was collected 
at 4 different temperatures.  The true spectral radiance of the black body source at the 4 
different temperatures (LBB(λ,T)) was calculated using Equation 3.  The actual 
temperature of the BB was computationally determined by applying Wien’s 
Displacement Law (Equation 1) to (LBB(λ,T)).  Finally, the emissivity of the BB source at 
the 4 different temperatures was calculated using Equation 4 and the computationally 
determined temperature.  The emissivity was very close to 1 for all 4 measurements, 
suggesting our approximation was effective.   
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3.5  Computational methods for photonic crystals 
 
 Much work has been done to computationally study the expected photonic 
properties of photonic crystals.  Numerical methods to solve Maxwell’s differential 
equations include plane wave expansion, transfer matrix method, couple wave analysis, 
finite element methods, and finite difference methods.  The simulations presented in 
Chapter 4 were done using the finite difference time domain method (FDTD), 
introduced in the following paragraph.  Please refer to other sources for a detailed 
description of FDTD and the other computational methods2,3,51.   
 The FDTD method discretely divides a computational cell (containing the 
structure or material of interest) in time and space2,3,52.  Electric field evolution over time 
is studied by iteratively solving Maxwell’s equations at each discrete point.  Dividing 
space into smaller units and reducing the time steps more closely approximates the true 
continuous partial differential equations but increases computational demand.  FDTD 
simulations presented in Chapter 4 were done using free software, MIT Electromagnetic 
Equation Propagation (MEEP).  The photonic crystal structures were represented using 
appropriate dielectric constant data.  Both the real and imaginary part of the dielectric 
constant were used for tungsten because the material is absorptive.  The dielectric 
constant data for tungsten is well known53.  
 
3.6  Conclusions 
 
 Three-dimensional metallic photonic crystals are particularly interesting selective 
thermal emitters.  Fabricating thermally stable, metallic photonic crystals using a self-
assembled template remains a challenge for sTPV.  Chapters 4 and 5 will explore the 
fabrication of tungsten photonic crystals and hafnium diboride (conductive ceramic) 
photonic crystals that, for the first time, demonstrate the necessary combination of 
thermal stability and modified thermal emission for TPV applications.  This chapter also 
described the photonic characterization (reflectance and emissivity) and introduced 
computational methods for photonic crystals.  
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CHAPTER FOUR  
 
THERMOPHOTOVOLTAICS USING 3D TUNGSTEN PHOTONIC CRYSTALS* 
∗
 
4.1  Introduction  
 
The previous chapter introduced photonic crystals and explained their application 
to solar thermophotovoltaic (sTPV) systems for high efficiency solar energy harvesting.  
High temperature (>1000°C) narrow band thermal emitters are essential for successful 
thermophotovoltaic (TPV) energy conversion.  For TPV systems employing 3D photonic 
crystals as the narrow band thermal emitter, it is necessary to fabricate high quality, 
thermally stable 3D structures at low cost and over large areas.  Parallel processing 
strategies (self-assembly and interference lithography) are particularly attractive.  Herein, 
3D tungsten photonic crystals are fabricated using self-assembled templates.  First, the 
electrodeposition of tungsten inside silica colloidal crystals is discussed.  These structures 
demonstrated impressive thermal stability, however, lacked the photonic properties 
necessary for modified thermal emission.  Tungsten photonic crystals were also 
fabricated using self-assembled templates and atomic layer deposition.  These structures, 
for the first time, demonstrated the necessary combination of thermal stability and 
modified thermal emission for TPV applications.  Thermal stability and photonic 
properties up to 1400°C were studied and are presented herein.   
 
4.2  Electrochemical preparation of tungsten photonic crystals 
 
This section will explore the fabrication of thermally stable 3D tungsten photonic 
crystals by electrodeposition inside a self-assembled, colloidal crystal template.  Notable 
advantages of an electrodeposition approach include that it is a bottom up inversion 
technique and that it has the potential to yield dense deposits.  During electrodeposition, 
all void space is filled, leaving no pores, unlike gas phase deposition techniques, where  
                                                       
*  Content in this chapter was previously published by the author and reproduced with 
permission1.  Copyright American Chemical Society, 2011.  
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Figure 4.1 – 3D template directed electrodeposition procedure.  a)  A silica colloidal 
crystal was grown on a tungsten foil.  b)  Tungsten was electrodeposited inside the 3D 
template.  c)  A tungsten inverse opal was obtained after template removal by HF etching.  
d)  The tungsten inverse opal was coated with HfO2 or Al2O3 by ALD to impart thermal 
stability. 
 
pores are always generated due to ‘pinch off’.  The thermal stability of the 
electrodeposited tungsten inverse opals was enhanced using the atomic layer deposition 
(ALD) of a conformal hafnium oxide (HfO2) or aluminum oxide (Al2O3) surface 
passivation layer. 
Figure 4.1 outlines the tungsten inverse opal fabrication procedure.  A silica 
colloidal crystal was used as a 3D template to direct the tungsten electrodeposition.  The 
silica colloids were made using the well-known Stöber method2 and the colloidal crystals 
were assembled by vertical deposition3.  Before electrodeposition, the opals were coated 
with 10nm of HfO2 by ALD, which prevented lift-off from the tungsten substrate and 
preserve the 3D order during electrodeposition (this step was not included in Figure 4.1).  
Hafnium oxide was deposited using a Savannah ALD system from Cambridge Nanotech.  
Following the tungsten electrodeposition, the 3D silica/HfO2 template was removed using 
hydrofluoric acid, HF (5% HF in 1:1 water : ethanol solution).  Note: HF is extremely 
toxic and should be handled with appropriate personal protection and inside a fume 
hood.  Figure 4.2a is a fracture cross-section SEM micrograph of the as-deposited 
tungsten before template removal and a top view (Figure 4.2b) of the tungsten inverse 
opal after template removal.  Finally, 15nm of HfO2 (or Al2O3) was conformally coated 
on the tungsten inverse opal by ALD.  The thickness of the coating was measured by 
ellipsometry.  This coating provided the observed enhanced thermal stability. 
Tungsten is not straightforward to electrodeposit because it has a high reduction 
potential.  Electrodeposition must be done using a molten salt solution at elevated  
(a) 3D colloidal crystal 
template
(b) Electrodeposited tungsten 
inside 3D template
(c) Tungsten inverse opal 
after template removal
(d) HfO2 coated tungsten 
inverse opal
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Figure 4.2 – Scanning electron micrographs of a) a fracture cross-section of tungsten 
electrodeposited inside a 3D template and b) the top surface of a tungsten inverse opal 
after template removal by HF etching. 
 
temperatures4.  Our experimental conditions were based on recent reports of relatively 
low temperature electrodeposition of tungsten in a ZnCl2 – NaCl – KCl eutectic mixture 
(0.6 : 0.2 : 0.2 mole fraction)5.  The tungsten ion source was WO3 and potassium fluoride 
(KF) was added to increase the solubility of WO3.  Investigations into the melt 
composition showed that WO3 forms ionic complexes with fluorine ions that are reduced 
at the cathode (Equation 1)6. 
 
WO3F—  +  6e—    W  +  3O2—  +  F—                        Equation 1 
 
1 µm
5 µm
b
a
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Free fluorine ions, however, etched the template materials (silica and HfO2).  The 
minimum amount of KF required to solvate 0.29 mol% WO3 while not causing etching 
was determined experimentally to be 1.2 mol% KF. 
Tungsten electrodeposition was performed using a three-electrode cell consisting 
of a tungsten working electrode (cathode), a glassy carbon counter electrode, and a zinc 
reference electrode.  All depositions were performed on a hot plate, at 425°C, in a glove 
box under an argon atmosphere.  An initial pulsed deposition was used to provide 
uniform nucleation and growth.  See Section 7.2 for a discussion on pulsed potential 
electrodeposition.  The pulsed deposition consisted of half-second on/off pulses at 50 mV 
and 200 mV, respectively.  This cycle was repeated 1000 times before proceeding with a 
50 mV constant potential electrodeposition until the 3D template was completely filled 
with tungsten. 
The ideal deposition potential (50mV) was determined experimentally using 
cyclic voltammetry (Figure 4.3).  During cyclic voltammetry, the current at the cathode  
 
Figure 4.3 – Cyclic voltammograms performed before (thin line) and after (thick line) 
the addition of the tungsten precursor (WO3) at 425°C under an inert atmosphere.  
Voltages reported were measured with respect to a zinc reference electrode.  A cathodic 
current corresponding to tungsten electrodeposition was observed after the addition of 
WO3. Tungsten electrodeposition was expected for voltages below 60 mV but above the 
potential corresponding to zinc electrodeposition (10 mV). 
Potential vs. Zinc (mV)
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(tungsten foil) was measured as the potential was decreased from 200mV to -10mV and 
then increased from -10mV back to 200mV (see arrows in Figure 4.3).  Prior to the 
addition of the tungsten precursor, only zinc electrodeposition (reduction) was observed 
starting at 10mV (Figure 4.3, thin line).  After the addition of the tungsten precursor, 
both zinc and tungsten electrodeposition (reduction) were observed (Figure 4.3, thick 
line).  As the potential was decreased with the WO3 precursor present in solution, a 
cathodic current was observed starting at ~60 mV corresponding to tungsten 
electrodeposition.  As the voltage decreased further, zinc electrodeposition was observed 
starting at ~10 mV.  Thus, we expected to observe tungsten electrodeposition in the range 
of 10 - 60 mV.  The quality of the deposited tungsten was strongly affected by the 
potential and current density.  Void-free, pure, and fine-grained tungsten was observed at 
50 mV (~1 mA/cm2).  The as-deposited tungsten was largely amorphous, with perhaps 
some nano-grained polycrystalline regions as determined by X-ray diffraction (Figure 
4.4) and transmission electron microscopy (Figure 4.5).  X-ray diffraction analysis after 
heating at 1000°C for 12 hours in forming gas (5% hydrogen in argon), indicated the 
tungsten was crystalline and in the alpha phase.  Energy dispersive X-ray spectroscopy 
detected only tungsten in the deposited films. 
 
Figure 4.4 – X-ray diffraction pattern of electrodeposited tungsten before and after 
heating to 1000°C for 12 hours in forming gas.  All peaks correspond to α-tungsten. 
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Figure 4.5 – Transmission electron micrograph of electrodeposited tungsten.  The red 
arrows highlight two nano-grained polycrystalline regions. 
 
4.3  Thermal stability of electrodeposited tungsten photonic crystals 
 
Physical properties of nano-structured materials can vary greatly from what is 
observed in the bulk.  At reduced length scales, increased surface-to-volume ratios mean 
increasing numbers of atoms populate surface and interfacial sites.  The thermal stability 
in such structures can therefore be dominated by the surface7.  Herring’s scaling laws 
discuss sintering mechanisms and the rate of sintering at reduced length scales8.  
Mechanisms of sintering include surface diffusion, lattice diffusion, vapor transport, grain 
boundary diffusion, plastic flow, and viscous flow.  The scaling laws are independent of 
geometry and describe the effect of changing size scales on the rate of each of the 
sintering mechanisms.  Equation 2 approximates the rate of a mechanism where λ is the 
particle size and the exponent, m, is specific for each sintering mechanism.  
 
Rate = λ-m              Equation 2 
 
The value of m is highest for sintering by surface diffusion.  At reduced size scales, the 
rate of sintering by surface diffusion increases faster than any other mechanism.  This 
5 µm
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tells us that we can expect atomic diffusion at the surface to be the dominant sintering 
mechanism for nanometer scale architectures. 
The promise of refractory metals for thermally stable nanometer scale 
architectures has not yet been fully realized because of sintering at elevated temperatures.  
You et al. demonstrated increased thermal stability of polycrystalline tungsten nanowires 
using a carbon shell9.  The carbon shell stopped nanowire deformation during Joule 
heating, presumably by limiting surface diffusion.  We previously demonstrated that an 
Al2O3 passivation layer deposited by ALD improved the thermal stability of 3D nickel 
inverse opals by approximately 200°C10.  Without a protective coating, surface diffusion 
on the electrodeposited tungsten inverse opal drives grain coarsening resulting structural 
degradation.  Our electrodeposited tungsten was fine grained and appeared dense via 
SEM imaging, however, thermal treatment at 1000°C resulted in severe structural 
degradation due to sintering and grain growth (Figure 4.6) similar to what has been 
observed for 3D tungsten structures fabricated via CVD or sol gel methods11,12.  All 
thermal testing in this chapter was done using a tube furnace.  Forming gas (5% H2 in Ar) 
was flowed over the samples during thermal treatment.  
Hafnium oxide and aluminum oxide are refractory materials that can be 
conformally coated within 3D nano-architectures by ALD.  When applied as protective 
coatings on our tungsten inverse opals, the 3D structure was preserved at high 
temperatures for extended times as evident using scanning electron microscopy. 
 
Figure 4.6 – Scanning electron micrograph showing complete structural degradation 
after heating a tungsten inverse opal (not protected) to 1000°C for 30 minutes in forming 
gas. 
2 µm
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Figures 4.7a,b and 4.7c,d show micrographs of tungsten inverse opals protected by 
Al2O3 and HfO2, respectively, after heating to 1000°C for 12 hours in forming gas.  At 
this temperature, the effectiveness of HfO2 and Al2O3 as surface protective coatings were 
qualitatively similar.  Densification and sintering was largely controlled and confined by 
the oxide shell, resulting in the preservation of the three-dimensional periodicity after 
thermal treatment.  Presumably, the oxide passivation layer hindered surface diffusion, 
thus contributing to the prolonged structural integrity.  However, densification during 
tungsten crystallization still resulted in internal stresses that gave rise to microscopic 
cracks with dimensions ~1 µm wide and ~1 – 10 µm long.  This cracking behavior was 
not limited to our 3D structures.  We observed similar cracking for non-structured 
tungsten flat films electrodeposited under identical conditions (Figure 4.8), confirming 
that the cracks originated from the large volume shrinkage that occurred upon 
crystallization of the electrodeposited film. 
 
Figure 4.7 – Scanning electron micrographs of tungsten inverse opals after heating to 
1000°C for 12 hours.  a)  Top surface and b) fracture cross-section of tungsten inverse 
opals protected with Al2O3.  c)  Top surface and d) fracture cross-section of tungsten 
inverse opals protected with HfO2. 
2 µm
500 nm
2 µm
1 µm
ca
db
Al2O3
Al2O3
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Figure 4.8 – Scanning electron micrograph of a flat, non-structured, electrodeposited 
tungsten film after heating to 1000°C for 12 hours in forming gas (top view).  Cracking 
was observed after heating as a result of internal stresses associated with densification. 
 
As previously described in Chapter 3, the emitter temperature (TE) is extremely 
important when considering the overall power production and energy conversion 
efficiency of a TPV system.  The Stefan-Boltzmann law tells us that the radiative power 
of a thermal emitter, and thus the power available for electrical energy generation, 
increases as ~TE4.  Following the analysis by Chubb, for an ideal system with an emitter 
temperature of 1000°C, we can expect a TPV system’s maximum electric power density 
to be ~0.1 W/cm2 using a silicon solar cell13.  The maximum electric power density 
increased to ~1 W/cm2 when the emitter temperature was increased to 1400°C.  Thus, a 
400°C increase in emitter operating temperature resulted in an order of magnitude 
increase in the power output of a TPV system.  Note that the model assumes ideal 
photovoltaic cell, no losses from radiation heat transfer, and perfect vacuum between 
emitter and cell.  The absolute values presented here for the electric power generation are 
theoretical values and include many assumptions that ignore potential losses in real 
devices. 
Because of the importance of temperature on sTPV performance, we have tested 
coated tungsten opals at higher temperatures.  Figure 4.9 shows SEM micrographs of 
tungsten inverse opal structures protected with Al2O3 and HfO2 after heating to 1400°C 
for 12 hours.  At 1400°C, the Al2O3 coating did not sufficiently protect the 3D tungsten 
nano-architecture.  After 12 hours at 1400°C in forming gas, the Al2O3 passivated 
tungsten inverse opal collapsed and lost all 3D periodicity.  The HfO2 protected tungsten 
inverse opal largely survived the thermal treatment at 1400°C.  However, the structure  
5 µm
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Figure 4.9 – Scanning electron micrographs of tungsten inverse opals after heating to 
1400°C for 12 hours.  a)  Top surface of tungsten inverse opal protected with Al2O3.  b)  
Top surface and c) fracture cross-section of tungsten inverse opals protected with HfO2. 
 
did show evidence of increased grain growth and surface roughness compared to samples 
heated to 1000°C. 
The cause of the oxide passivation layer failure at 1400°C is unknown.  One 
possible answer could be that the oxide layer de-wetted from tungsten at elevated 
temperatures.  At 1000°C, no de-wetting of either oxide was observed.  However, de-
wetting was observed after heating the ALD deposited oxide (Al2O3 or HfO2) film on a 
flat tungsten foil for 12 hours at 1400°C in forming gas (Figure 4.10).  This de-wetting 
phenomenon was qualitatively similar for the Al2O3 and HfO2 films.  When applied as a 
protective coating for 3D tungsten inverse opals, the oxide de-wetting could be the cause 
of structural degradation. 
This section described the use of conformal refractory oxide coatings on tungsten 
inverse opal structures, deposited by ALD, which imparted increased thermal stability to 
the 3D structure.  Aluminum oxide coatings increased stability up to 1000°C and hafnium 
oxide coatings stabilized the 3D structures up to 1400°C.  While volume-shrinkage upon 
crystallization limited complete 3D structural stability in our system, this surface 
passivation technique may be a universal approach to enhance the thermal stability of 3D 
refractory metal structures.  Further improvements in refractory metal deposition 
procedures combined with this surface passivation technique have the potential for 
producing thermally stable 3D photonic crystals with thermal emission modification 
properties necessary for TPV applications.   
2 µm 2 µm 1 µm
a b c HfO2HfO2Al2O3
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Figure 4.10 – HfO2 deposited on a flat tungsten foil substrate by ALD.  Severe de-
wetting of the oxide occurred when heated to 1400°C for 12 hours.  De-wetting was not 
observed at 1000°C for 12 hours. 
 
4.4  Tungsten photonic crystals fabricated by atomic layer deposition  
 
4.4.1  Introduction to atomic layer deposition (ALD) 
 
 Atomic layer deposition (ALD) is typically described as a more controlled version 
of chemical vapor deposition (CVD), whereby two gas phase precursors are pulsed into a 
heated deposition chamber in an alternating fashion.  Purge sequences are implemented 
between precursor pulses to avoid gas phase reactions and remove all reaction by-
products.    Chemical reactions that generate material deposition are thereby limited to 
the available surface of a solid.  A sufficient amount of precursor is required to achieve 
complete surface coverage of the precursor by chemisorption.  ALD is self-limiting in the 
sense that the amount of precursor that can be chemisorbed, and thus amount of material 
that can be deposited per cycle, is limited to the available number of surface sites.  
Ideally, ALD deposits one monolayer of material per cycle.  In practice, ALD can exhibit 
sub monolayer deposition or ALD can exceed monolayer deposition per cycle.  Sub 
monolayer growth can occur due to steric hindrance, a reduced number of reactive 
surface sites as compared to the available surface area, or sluggish kinetics of the surface 
reaction (deposition).  If kinetics are to blame for sub monolayer deposition, an 
“exposure” can be implemented, between the pulse and the purge sequences, allowing 
1µm
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more time for surface reactions to occur, however, increasingly long exposure times 
reduce the overall throughput (deposition thickness per unit of time).  Experimentally, an 
“exposure” corresponds to closing a valve before the pump, sealing the deposition 
chamber.  Exposures are also useful for high aspect ratio structures, like the 3D photonic 
crystals studied in this thesis.  Exposures allow for diffusion of gaseous precursors and, 
as a result, uniform deposition inside high aspect ratio structures14,15. 
 Temperature dependence of deposition thickness per cycle (rate) is complicated 
and dramatically different for various materials and their precursor chemistries (Figure 
4.11)14.  At the low temperature limit, sub monolayer deposition may be observed 
because of insufficient thermal energy for the surface reaction to occur.  However, low 
temperature can also cause condensation of precursor and thicker deposits per cycle.  At 
the high temperature limit, sub monolayer deposition may be observed due to desorption 
of precursor molecules (incomplete surface coverage).  However, high temperatures can 
also cause decomposition of precursor resulting in CVD-like growth conditions.  Ideally, 
an ALD process will have a large “ALD window” where the temperature dependence on 
deposition thickness is minimal (Figure 4.11).   
 Atomic layer deposition is heralded as the ultimate vapor phase deposition 
technique when conformality and uniformity are required.  The exposure times required 
to achieve conformality and uniformity inside high aspect ratio (AR) structures increases 
proportionally to (AR)2.  This relationship was verified experimentally, using kinetic gas 
theory and using gas conductance equations14.  While ALD has many advantages, the 
reduced throughput (deposition thickness per unit time) when depositing material in high 
aspect ratio structures is one limitation. When properly designed, ALD is highly 
controlled, reproducible, and straightforward to scale-up15.  The remainder of this chapter 
discusses the deposition of tungsten on silica colloidal crystal templates by ALD for TPV 
applications.  Chapter 5 discusses an alternative gas phase deposition technique that can 
deposit materials conformally and uniformly in high aspect ratio structures at faster rates.   
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Figure 4.11 – Schematic description of temperature effects on ALD deposition rate 
(thickness per cycle).  At the low temperature limit, condensation of precursor molecules 
can increase the deposition rate or incomplete reactions due to insufficient thermal energy 
can reduce the deposition rate.  At the high temperature limit, decomposition of precursor 
molecules can increase the deposition rate or desorption of precursor molecules can 
decrease the deposition rate.  The deposition rate for an ideal ALD process is independent 
of temperature (ALD window).  
 
4.4.2  Tungsten ALD on silica colloidal crystals 
 
ALD can yield very dense, pure, and conformal coatings inside porous materials 
and has been previously utilized to infill photonic crystal architectures with desired 
materials16-19.  Tungsten ALD has been extensively studied and is utilized in 
manufacturing processes for microelectronics.  To the best of the author’s knowledge, no 
work has demonstrated the deposition of tungsten by ALD inside 3D photonic crystal 
templates.  Conformal deposition of tungsten on silica colloidal crystal templates was 
achieved by ALD using SiH4 and WF6 precursors.  Tungsten ALD using these precursors 
is well known and is considered a fluorosilane elimination reaction14.  The overall 
reaction chemistry is described in Equation 3: 
 
WF6  +  2SiH4    W  +  2SiF3H  + 3H2          Equation 3 
 
The reaction proceeded by the formation of an intermediate compound with a strong Si—
F bond on the surface of tungsten.  The surface chemistry and intermediate compound 
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formed during tungsten ALD are described in Equations 4 and 5.  The asterisks in 
Equations 4 and 5 indicate the active surface species14,15,20-26. 
 
W—SiHF2*  +  WF6    W—WF5*  +  SiF3H         Equation 4 
 
W—WF5*  +  2SiH4    WW—SiHF2*  +  SiF3H  +  3H2        Equation 5 
 
Tungsten was deposited using a homebuilt flow-tube ALD system at 215°C and 0.6 Torr 
with nitrogen as a carrier gas (flowing at 20sccm).  Typically, 50nm of tungsten was 
deposited using 125 cycles of the following recipe: 
 
1.  1 second pulse of WF6,  
2.  60 second exposure 
3.  60 second pump  
4.  300 sec pulse of SiH4  
5.  120 second purge 
 
It is well known that tungsten, and metals in general, have difficulty nucleating on oxide 
materials14.  The thickness of the tungsten deposited per cycle was initially small but 
increased as individual tungsten nuclei grew and coalesced into a continuous film.  
Previous studies indicated that tungsten nucleates faster on Al2O3 as compared to 
silica21,24.  Thus, prior to tungsten ALD, Al2O3 (typically 10nm) was deposited on the 
silica colloidal crystal template using 90 cycles of the following recipe (215°C, 0.6 Torr, 
20 sccm nitrogen): 
 
1.  0.3 second pulse of trimethylaluminum,  
2.  20 second exposure 
3.  60 second pump 
4.  0.3 second pulse of water 
5.  20 second exposure  
6.  90 second pump   
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Exposures were included for the deposition of Al2O3 and tungsten to allow enough time 
for uniform diffusion of all precursors into the convoluted colloidal crystal architecture 
(see Section 4.4.1 for more details about exposures).  Figure 4.12 highlights the 
difference in conformality without (Figure 4.12a) and with (Figure 4.12b) exposures.  
  
 
Figure 4.12 – Fracture cross-section SEM micrographs of tungsten deposited by ALD on 
silica colloidal crystals.  a)  Tungsten deposited without exposures.  b)  Tungsten 
deposited with exposures. 
 
Tungsten inverse opals were obtained by first removing the top tungsten over-
layer using a 20 second reactive ion etch (50mTorr, 100Watts, 4sccm O2, 16sccm 
SF6).  This over-layer removal exposed the silica template, which was subsequently 
etched using 5% hydrofluoric acid (HF) in ethanol.  Note: HF is extremely toxic and 
should be handled with appropriate personal protection and inside a fume hood.  
Figure 4.13a, b, and c show SEM micrographs of as-deposited tungsten on a silica 
colloidal crystal (top view), a tungsten inverse opal (top view), and a tungsten inverse 
opal (fracture cross-section), respectively.  Note that not all samples presented in this 
chapter were etched.  The thermal stability, optical properties, and thermal emission 
properties of samples with and without the silica template are presented. 
1 µm 1 µm
a b
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Figure 4.13 – SEM micrographs of tungsten photonic crystals deposited by ALD.  a)  
Top view of tungsten on a silica colloidal crystal.  b)  Top view of a tungsten inverse 
opal.  c)  Fracture cross-section of a tungsten inverse opal. 
 
The tungsten was amorphous as-deposited, as determined by X-ray diffraction 
(XRD).  After annealing to 1000°C, the tungsten was crystalline and in the alpha phase 
(Figure 4.14).  The Al2O3 peaks detected in the XRD pattern in Figure 4.14 were present 
due to the sapphire substrate (c-plane).  Tungsten photonic crystals on silicon substrates, 
including tungsten inverse opals, contained tungsten silicide (W5Si3) after annealing to 
1000ºC for 12 hours (Figure 4.15).  Because silicide was detected for tungsten inverse 
opals, silicide formation was most likely due to atomic diffusion of silicon into the 
tungsten from the substrate, rather than the silica template.  Sapphire substrates were used 
to avoid the formation of W5Si3. 
 
Figure 4.14 – X-ray diffraction pattern of a tungsten photonic crystal on a sapphire 
substrate after annealing to 1000°C for 12 hours.  
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Figure 4.15 – X-ray diffraction patterns of tungsten photonic crystals on silicon 
substrates after annealing to 1000°C for 12 hours.  All unlabeled peaks correspond to 
W5Si3.  The top XRD pattern was collected from a silica colloidal crystal coated with 
tungsten.   The bottom XRD pattern was collected from a tungsten inverse opal.  The 
patterns were very similar, suggesting the silicide formation was due to atomic diffusion 
of silicon from the substrate, rather than the silica template.  
 
Figure 4.16 is an Auger electron spectroscopy (AES) depth profile of a 50nm 
tungsten (W) film that was deposited by atomic layer deposition (ALD).  The Al2O3 
nucleation layer was 20nm and silicon was used as a substrate to minimize charging 
effects.  The aluminum and oxygen peaks observed around 670 seconds correspond to the 
Al2O3 nucleation layer.  The AES profile showed significant signal from silicon in the 
tungsten film (~5%), likely from the SiH4 ALD precursor.  The silicon signal decreased 
in the Al2O3 nucleation layer, and then began to increase again around 670 seconds, 
corresponding to the silicon substrate.  The fluorine signal in the W films (<0.6 %) was 
likely from the WF6 ALD precursor.  Secondary ion mass spectroscopy (SIMS) also 
detected the presence of hydrogen, again, likely from the SiH4 precursor.  These 
impurities are consistent with previous reports of W ALD21,22,24.   
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Figure 4.16 – AES depth profile of tungsten deposited by ALD.  The aluminum and 
oxygen peaks corresponded to the Al2O3 nucleation layer deposited on the silicon 
substrate before tungsten deposition.   
 
 
4.4.3  Thermal stability of tungsten photonic crystals by ALD  
 
 Thermal stability experiments were done using a tube furnace (CM Furnace, 
Series 1700) with a maximum operating temperature of 1600°C.  At 1000°C, a forming 
gas (5% hydrogen in argon) environment was effective at minimizing tungsten oxidation 
during annealing.  As the annealing temperature was increased above 1000°C, protecting 
the material from oxidizing became more challenging.  Forming gas did not prevent 
tungsten oxidation at temperatures greater than 1000°C.  A pure hydrogen atmosphere is 
typically used in industry to prevent tungsten oxidation during annealing27,28.  The 
hydrogen is purified and dried to minimize oxygen and water content27,28.  Pure hydrogen 
was avoided in this work for obvious safety concerns.   
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The oxygen partial pressure in the forming gas was likely greater than the 
equilibrium partial pressure of the tungsten oxidation reaction (favoring tungsten 
oxidation).  Moreover, the water formed by the reaction of hydrogen and oxygen could 
have also oxidized the tungsten.  Experimental methods to reduce the partial pressure of 
oxygen, without generating water from a reaction with hydrogen, include using a vacuum 
or introducing an oxygen scavenger.  The development of a vacuum system is time 
consuming and requires expensive equipment.  Graphite felt (Mersen) was investigated as 
an oxygen scavenger.  The felt was packed inside the tube furnace and positioned in the 
hot zone just before the tungsten photonic crystals.  Samples annealed using this graphite 
“filter” still oxidized.  To further reduce the oxygen partial pressure, the tungsten 
photonic crystals were sandwiched between two tungsten foils (Sigma-Aldrich, Inc., 
tungsten foil, 0.127mm thick).  The combination of the graphite filter and the tungsten 
foil “sandwich” reduced the partial pressure of oxygen enough to prevent oxidation at 
temperatures up to 1400°C.  For experiments implementing oxygen scavengers, ultra 
high purity argon was used.  For all experiments, the sealed tube (2 inch diameter, 
mullite) was purged with the protective gas for 2 hours prior to starting the annealing 
process.  The temperature was ramped at 500°C/hour.  
 Top-view scanning electron micrographs of tungsten photonic crystals annealed 
to 1000°C for 12 hours are displayed in Figure 4.17.  Figure 4.17a and b are tungsten 
on colloidal crystal templates after annealing.  Figure 4.17c and d are tungsten inverse 
opals after annealing.  These structures retained the templated 3D order after annealing 
and did not demonstrate any large-scale structural cracking due to densification.  This is a 
dramatic improvement over electrodeposited tungsten photonic crystals (see Section 4.3) 
and tungsten photonic crystal synthesized by other techniques1,11,12,29.  We have two 
hypotheses to explain the enhanced thermal stability observed for tungsten photonic 
crystals fabricated by ALD.  First, the tungsten deposited by ALD may be denser than 
tungsten deposited by methods previously studied.  The effects of sintering at elevated 
temperatures could be less dramatic if the deposited material is denser because there 
would be less volume reduction.  This remains unknown, however, because previous 
studies did not report the material density of the deposited tungsten.  Second, the 
enhanced thermal stability could be a result of impurities (silicon and hydrogen) in the 
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Figure 4.17 – SEM micrographs of tungsten photonic crystals after annealing to 1000ºC 
for 12 hours.  a) and b)  Tungsten on silica colloidal crystals.  c) and d)  tungsten inverse 
opals.  All images are top-views. 
 
tungsten material pinning grain boundaries and stabilizing vacancies.  Previous studies 
reported that hydrogen accumulates at vacancy sites in tungsten and stabilizes those 
vacancies, reducing the driving forces for sintering30-33.   
At 1200°C, the tungsten began reacting with the silica template, destroying the 
3D periodicity.  Figure 4.18 is a fracture cross-section SEM micrograph of a tungsten on 
silica colloidal crystal after annealing to 1400°C for 1 hour.  No evidence of 3D order 
remained after annealing at temperatures above 1200°C.  Tungsten inverse opals, 
however, were useful to higher temperatures by implementing a surface oxide coating on 
the tungsten inverse opal, like done in Section 4.3.  Hafnium oxide was conformally 
deposited on the tungsten inverse opals using a Savannah ALD from Cambridge 
Nanotech.  At 1200°C, tungsten inverse opals were destroyed (Figure 4.19a and b), 
however, tungsten inverse opals protected with 20nm of hafnium oxide survived up to 
1400°C (Figure 4.19c and d).   
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Figure 4.18 – Fracture cross-section of tungsten on silica colloidal crystal after annealing 
to 1400°C.  The tungsten reacted with the silica spheres, resulting in the destruction of 
the 3D periodicity.   
 
 
Figure 4.19 – SEM micrographs of tungsten inverse opals after annealing.  a) and b)  
Tungsten inverse opals, not protected with HfO2, annealed to 1200ºC for 1 hour.  c) and 
d)  Tungsten inverse opals protected with HfO2, annealed to 1400ºC for 1 hour. 
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4.4.4  Reflectance and emissivity of tungsten photonic crystals 
 
 A photonic crystal must demonstrate suppressed thermal emission in undesired 
energy regimes to be useful for TPV applications.  As described in Chapter 3, 
Kirchhoff’s Law relates emission to absorption.  Ignoring scatter and diffraction losses, 
we assume absorption to be equal to one minus the reflection (A=1-R) because the 
transmission of these structures is equal to zero.  Thus, we probed the expected emission 
properties of the photonic crystals using reflectance measurements.  A Fourier transform 
infrared spectrometer (FTIR) with a microscope attachment was used to collect the 
reflectance spectrum (see Chapter 3 for more details).  As deposited, the tungsten on 
silica (SiO2) colloidal crystals possessed a peak in reflection starting in the visible regime 
and extending beyond the limits of our microscope detector (5µm) with an intensity of 
~60% (black line, Figure 4.20).  The strength of this reflectance peak was enhanced after 
annealing to 1000°C for 12 hours (red line, Figure 4.20).  Crystallization (see Section 
4.4.2) and densification of the tungsten during annealing likely altered the dielectric 
constant (real and imaginary) of the material, causing the change in the photonic crystal 
reflectance properties.  The measurements in Figures 4.20 were collected from photonic 
crystals with a 10nm aluminum oxide nucleation layer (see Section 4.4.2 for details on 
the nucleation layer).  For reference, the measured reflectance of a tungsten film 
deposited by ALD after annealing to 1000°C for 12 hours was include in Figure 4.20 
(blue line). 
The spectral radiance and emissivity of tungsten coated silica colloidal crystals 
were measured using the Stanford emissometer (See Section 3.4 for details regarding 
these measurements and calculations).  Figure 4.21 is the measured reflectance (R) of the 
tungsten on silica colloidal crystal (solid red line) and the corresponding measured 
emissivity (dashed red line).  As predicted by Kirchhoff’s Law (Chapter 3), the 
emissivity was approximately equal to 1-R.  Emission from this sample was collected at 
933°C.  The signal to noise ratio of the emission data decreased at wavelengths lower 
than 2µm.  For this reason, data below 2µm were not trusted and were not plotted in 
Figure 4.21.  Emission measurements at higher temperatures could reduce this problem 
to achieve accurate measurement of thermal emission in the NIR to visible regime.   
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Figure 4.20 – Reflectance spectra of tungsten coated silica (SiO2) colloidal crystals.  The 
black spectrum is the reflectance of the structure as-deposited.  The red spectrum is the 
reflectance of the structure after annealing to 1000°C for 12 hours.  The blue spectrum is 
the reflectance of a flat tungsten film deposited by ALD after annealing to 1000°C for 12 
hours.  
 
Figure 4.21 – Measured reflectance (solid) and emissivity (dashed) of a tungsten coated 
silica colloidal crystal after annealing to 1000°C for 12 hours.  Emissivity was measured 
using the Stanford emissometer. 
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Tungsten inverse opals had reflectance spectra that were red shifted and had lower 
peak intensities as compared to the tungsten coated silica colloidal crystals.  Figure 4.22a 
is a reflectance plot comparing tungsten coated silica colloidal crystals (solid spectra) and 
tungsten inverse opals (dashed spectra).  The red spectra correspond to photonic crystals 
that were measured after annealing (1000°C for 12 hours) while the black spectra 
correspond to photonic crystals that were measured “as-deposited.”  The thermal 
emissivities in Figure 4.22b were measured using the Illinois emissometer at 600°C.  
The thermal emissivity results presented in Figure 4.22b roughly agree with Kirchhoff’s 
Law and the expected relationship between emissivity and reflectance (R).  The 
emissivity was approximately equal to 1-R for all spectra.  Photonic crystals with higher 
peak reflectance demonstrated lower thermal emissivity.  The data was very noisy, and 
not trusted, for wavelengths shorter than 3.5µm.  Emission measurements at higher 
temperatures could reduce this problem to achieve accurate measurement of thermal 
emission in the NIR to visible regime.   
 
Figure 4.22 – a)  Reflectance spectra of tungsten photonic crystals.  b)  Emissivity of 
tungsten photonic crystals measured using the Illinois emissometer.  The solid spectra 
correspond to tungsten coated colloidal crystals.  The dashed spectra correspond to 
tungsten inverse opals.  The red spectra correspond to photonic crystals that were 
annealed (1000°C for 12 hours) while the black spectra correspond to photonic crystals 
that were measured “as-deposited.”   
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4.5.  Simulated reflectance of tungsten photonic crystals   
 
 Finite difference time domain (FDTD) simulations were done to understand the 
experimental results (see Section 3.5 for more details on FDTD and computational 
methods for photonic crystals).  Hailong Ning (Braun Group, UIUC) led the 
computational efforts using free software from MIT (MEEP).  The dashed red line in 
Figure 4.23 is the simulated reflectance spectrum for a tungsten coated silica colloidal 
crystal.  The simulations accounted for the aluminum oxide nucleation layer deposited on 
the silica colloidal crystal, before tungsten deposition.  The simulated reflectance 
spectrum matched closer to the reflectance spectrum obtained after annealing to 1000ºC 
for 12 hours than to the spectrum measured from as-deposited architectures.  Since bulk 
dielectric constant data for tungsten were used for the simulations34, the results in Figure 
4.23 suggest the dielectric constant (real and imaginary) of the ALD deposited tungsten 
approached the values of bulk tungsten after annealing. 
   
 
Figure 4.23 – Measured reflectance spectrums (solid lines) for tungsten on silica 
colloidal crystals as-deposited (black solid spectrum) and annealed to 1000°C for 12 
hours (solid red spectrum.  The dashed red spectrum is the simulated reflectance 
spectrum for a tungsten on silica colloidal crystal.   
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The individual silica spheres of a colloidal crystal are physically connected to 
neighboring spheres.  No tungsten can be deposited in the regions where the spheres were 
in physical contact.  This effect was most readily observed after tungsten deposition and 
template etching.  The regions where the spheres were touching in the original colloidal 
crystal template converted to spherical “windows” between air voids after etching.  The 
air voids were the regions where the silica spheres were before etching.  These windows 
are highlighted in red in Figure 4.24.  The size of the windows was larger as compared to 
a standard inverse opal because of the aluminum oxide nucleation layer.  Thicker 
aluminum oxide layers corresponded to larger window sizes.  The effect of this 
geometrical variation on the photonic properties of metallic photonic crystals has been 
previously studied10,35.  While it was not the focus of this work, this effect was 
computationally studied for our photonic crystals.  Figure 4.25 shows the simulated 
reflectance properties for tungsten coated silica colloidal crystals with three different 
thicknesses of aluminum oxide.  The thicknesses reported in this figure correspond to the 
equivalent thickness deposited on a flat film.  The reflectance properties red shifted 
slightly, and the peak intensity decreased as the aluminum oxide thickness increased.  For 
the tungsten inverse opals, a similar trend was observed for increasing aluminum oxide 
thicknesses (Figure 4.26).  The change in the spectra as a function of aluminum oxide 
thickness was more dramatic for the tungsten inverse opals.  This suggests that the top 
tungsten over-layer significantly contributed to the reflectance (and emissivity) properties 
of the 3D architectures.  Removing the over-layer, and increasing the window size, 
allowed light to penetrate deeper in the 3D architecture, as determined by calculating the 
electric field distribution inside the photonic crystals.   
Additionally, the effect of air void size on the reflectance properties were 
computationally studied for tungsten inverse opals.  The air void size can be readily 
scaled in experiment by changing the silica sphere size used for the colloidal crystal 
template.  Figure 4.27 contains the simulated reflectance spectra for tungsten inverse 
opals with different size air voids.  Figure 4.27 shows that increasing the void size does 
not dramatically shift the peak reflectance.  However, changing the void size did affect 
the low reflectance region of the spectrum.  Void size can therefore be used to minimize 
the reflection (maximize emissivity) in the frequency regime where thermal emission is 
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desired.  Collectively, these simulation results predict experimental methods to design a 
3D structure with a desired reflectance spectrum.  The top tungsten over-layer, the 
window size, and the air void size are all influential structural parameters that can be 
tuned in experiment to achieve a desired spectral reflectance.  
 
 
Figure 4.24 – Top view of a tungsten inverse opal.  The “windows” between air voids are 
highlighted in red. 
 
 
Figure 4.25 – Simulated reflectance spectrums of tungsten on silica colloidal crystals 
with increasing window sizes 
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Figure 4.26 – Simulated reflectance spectrum for tungsten inverse opals with increasing 
window sizes. 
 
 
Figure 4.27 – Simulated reflectance spectrum for tungsten inverse opals with different 
air void sizes.  The void sizes reported in the figure correspond to the diameter of the 
original silica spheres used for the colloidal crystal template.  The metal filling fraction 
was adjusted to be the same for all the spectra by changing thickness of the Al2O3 
nucleation layer. 
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4.6  Conclusions and future outlook 
  
The previous section reported that the tungsten inverse opal photonic crystals 
were stable up to 1400°C.  At this temperature, the peak in thermal emission for a 
theoretical BB is 1.73µm.  Maximum power output from a TPV device is expected when 
the narrow band thermal emission and the electronic band gap energy of the PV cell, both 
coincide with the peak in theoretical black body emission (see discussion in Section 3.3).  
Designing our photonic crystals to have high reflectance (suppressed thermal emission) at 
wavelengths long than ~1.73µm, could enable a practical TPV device operating at 
1400°C.  Simulation results (Section 4.5) suggested that tungsten inverse opals with 
larger window sizes possess a reflectance peak beginning around 1.6µm and extending 
beyond 5µm.  An experimental demonstration of such a structure was achieved and the 
measured reflectance spectrum was plotted in Figure 4.28 (solid red line).  This 
reflectance measurement was recorded after annealing the sample to 1400°C.  The 
expected reflectance spectrum from simulations was plotted in Figure 4.28 as the dashed  
 
Figure 4.28 – Measured (solid black spectrum) and simulated (dashed black spectrum) of 
a tungsten inverse opal.  The measured data was collected after annealing the sample to 
1400ºC for 1 hour.  The red spectrum is the calculated spectral radiance of a theoretical 
black body at 1400ºC. 
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red line.  The spectral radiance of a theoretical black body at 1400ºC is included as 
reference (solid black line).  Also, included in Figure 4.28 is the band gap energy of a 
germanium photovoltaic cell.  Thus, Figure 4.28 shows the spectral position of the major 
components of a TPV system and, with proper design directed by computational studies, 
we were able to achieve spectral alignment of these components necessary for a practical 
device. 
 The results in this chapter have never been shown before in the literature.  
Previously studied tungsten photonic crystals fabricated using self-assembled templates 
did not survive to even 1000°C.  Moreover, these previously reported structures did not 
demonstrate reflectance (emissivity) properties useful for a practical TPV system.  
Herein, we have demonstrated both the thermal stability and modified thermal emission 
required for 3D photonic crystals to be useful for TPV systems.   
Future work should focus on optimizing the reflectance spectrum in Figure 4.28.  
The ideal reflectance spectrum would increase, stepwise, from zero to 100% at ~1.85µm 
for a TPV system utilizing a germanium solar cell.  Approaching this stepwise function 
requires the ratio of the lowest reflectance value to the highest reflectance value be 
minimized.  Also, the spectral width of the transfer from low reflection to high reflection 
should be minimized.  More computational studies should be done to predict structural 
variations to the inverse opal architecture that may improve the reflectance spectrum and 
approach the ideal stepwise spectrum.  Furthermore, inverse opals may not be the ideal 
structure for a TPV emitter.  Other 3D photonic crystal templates, besides self-assembled 
colloidal crystals, can be fabricated at low-cost and over large areas using interference 
lithography.  If properly designed, these structures may outperform inverse opals.  Figure 
4.29 is an initial demonstration of a tungsten photonic crystal fabricated using 
interference lithography and atomic layer deposition. 
The work done herein provides a process to fabricate, evaluate, and optimize 
thermally stable, large-area tungsten photonic crystals that can modify thermal emission.  
The results presented in this chapter suggest that 3D photonic crystals can operate at 
temperatures and frequency regimes relevant to TPV applications.  While further 
optimization and development are required, this work has overcome many of the 
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challenges that preciously prevented the implementation of 3D photonic crystals for 
practical TPV systems.  It is hoped that the future work discussed above will enable the 
fruition of high efficiency TPV systems incorporating a 3D photonic crystal thermal 
emitter.  
 
 
Figure 4.29 – Tungsten deposited by ALD on a 3D aluminum oxide photonic crystal.  
The template was fabricated by Hailong Ning using interference lithography.  The 
polymeric template generated from the lithography was inverted to aluminum oxide using 
ALD prior to tungsten deposition.  
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CHAPTER FIVE 
 
NEW MATERIALS FOR THERMOPHOTOVOLTAICS 
 
5.1  Introduction 
 
 The results reported in Chapter 4 increase the potential for practical 
thermophotovoltaic (TPV) systems employing a photonic crystal emitter.  Further 
development is necessary before such technology could be implemented.  The reflectance 
and emissivity properties achieved using the tungsten photonic crystals will need to be 
optimized and engineered for high efficiencies.  Thermal testing for longer times and 
cycling experiments need to be done to understand the potential operation lifetime of a 
TPV device incorporating a photonic crystal.  The manufacturing cost of such a device 
will need to be analyzed, which will affect the consumer cost and subsequently the time it 
would take for energy savings to pay back the initial capital investment for a TPV device.  
If the cost and pay back time are not reasonable or attractive to the consumer, TPV will 
not be widely accepted.  
 As research and development in this area continues, tungsten may or may not 
persist to be the material of choice.  There are other refractory metals that could be 
investigated including tantalum, molybdenum, and niobium (rhenium is excluded 
because of its low earth abundance).  Multiple material options would increase the chance 
of successful implementation of photonic crystals in TPV devices.  Looking beyond 
conventional metals, there are classes of refractory ceramic materials with metallic like 
electrical resistivities and optical properties (borides, nitrides, and carbides).  Table 5.1 
presents the bulk melting temperature and bulk electrical resistivity of some of these 
materials and compares them to tungsten.  These materials have not yet been studied for 
TPV applications despite their enormous potential.  This work was done to address this 
issue and suggest that tungsten, or traditional metallic materials in general, may not be 
the only material options for TPV systems incorporating photonic crystal architectures.  
More specifically, hafnium diboride (HfB2) photonic crystals were fabricated and 
evaluated. 
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Table 5.1 – Bulk melting temperature (Tm) and electrical resistivity of conductive 
ceramic refractory materials 
 
 
 
5.2  Hafnium diboride (HfB2) photonic crystals fabricated by chemical vapor 
deposition  
 
 Metal diborides are a class of refractory ceramic materials with interesting 
metallic like electrical resistivities and optical properties.  They have been studied for 
applications including, but not limited to, thermal protection systems1-4, hard coatings4,5, 
and diffusion barriers for microelectronics6; however, they have not been studied for 
thermophotovoltaic applications.  In an effort to expand the potential materials available 
for the engineering of thermophotovoltaic systems, we explored the chemical vapor 
deposition (CVD) of hafnium diboride inside self-assembled silica colloidal crystal 
templates.  Hafnium diboride was chosen because of extensive previous work and the 
ease of deposition.  This work was done in collaboration with Andrew Cloud (Abelson 
Group, UIUC) and Justin Mallek (Girolami Group, UIUC).  Hafnium diboride CVD was 
accomplished using a well-known, single source precursor (hafnium borohydride).  
Preliminary attempts to achieve conformal deposition of HfB2 on a silica colloidal crystal 
were done using previously published procedures6-8.  Using a vacuum chamber with a 
base pressure of 1x10-6 Torr, hafnium boroydride was introduced into the chamber and 
maintained at a pressure of 0.1 mTorr.  The colloidal crystal was mounted inside the 
vacuum chamber on a hot stage.  Conformal deposition was not achieved because of the 
extreme aspect ratios of the colloidal crystals.  Preferential deposition of the HfB2 was 
observed at the top of the 3D colloidal crystals (Figure 5.1a). 
The CVD of HfB2 at low temperature is limited by the kinetics of the surface 
reaction (deposition).  Previous studies have shown that minimizing the precursor surface  
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Figure 5.1 – Fracture cross-section SEM micrographs of HfB2 coated silica colloidal 
crystals.  a)  HfB2 deposited on a silica colloidal crystal at a precursor partial pressure of 
0.1 mTorr.  Preferential deposition at the top of the colloidal crystal was observed.  b)  
Conformal deposition was achieved when HfB2 was deposited using static CVD at a 
precursor partial pressure of 15 Torr.  
 
reaction probability is the key parameter to achieve conformal deposition inside high 
aspect ratio architectures6,7,9.  A decrease in reaction temperature decreased the surface 
reaction probability and somewhat improved conformality.  Initial attempts to achieve 
conformal deposition inside silica opal templates failed, even at a very low temperature 
(275°C) using the vacuum system described above.  Low temperatures also corresponded 
to prohibitively low growth rates and large precursor waste.     
A much more powerful method to promote conformal deposition while achieving 
reasonable growth rates, in a kinetically limited regime, was to increase the precursor 
pressure6,9,10.  Increased precursor pressures dramatically decreased the sticking 
coefficient of the HfB2 gaseous precursor potentially because of Langmuir adsorption of 
the precursor molecules and completely blocked surface sites throughout the 3D 
architecture.  In this condition, excess gaseous precursor molecules had no place to 
adsorb, effectively minimizing the sticking coefficient and minimizing the reaction 
probability11,12.  This allowed the excess precursor molecules to diffuse deep into the high 
aspect ratio architectures before reacting.  High precursor pressures maintain surface 
saturation, even in high aspect ratio architectures, allowing for conformal growth11,12.  
A static CVD system, operating at higher precursor pressures (15 Torr), was built 
to achieve conformal coatings inside silica colloidal crystal templates.  Hafnium 
borohydride (solid at room temperatures with a 15 Torr vapor pressure) was used as a 
single source precursor for HfB2 CVD and was prepared using previously published 
2 µm 1 µm
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techniques in an inert atmosphere6-8.  Equipment needed for the static CVD included a 
rough vacuum pump, ultra high purity argon, tube furnace, 2 glass tubes (1 inch in 
diameter connected by an on/off valve with ground glass joints).  A schematic of the 
static CVD system is displayed in Figure 5.2.  One tube contained the solid precursor 
(precursor chamber), while the other contained the colloidal crystal template (sample 
chamber).  Initially, the valve connecting the two chambers was closed, isolating the 
separate chambers.  Both chambers were evacuated and refilled with argon multiple 
times.  The valve between the chambers was opened, allowing gaseous hafnium 
borohydride to diffuse into the sample chamber.  The gaseous precursor was trapped in 
the sample chamber by closing the valve between the chambers.  The sample chamber 
was heated in a tube furnace at 1°C/min to 200°C and held at temperature for 2 hours.  
Using these conditions, conformal infilling was achieved (Figure 5.1b).  Based on these 
results, static CVD seems to be an interesting and effective method to conformally infill 
high aspect ratio architectures.  Static CVD is not a new idea, however, it has mostly 
been studied for the deposition silicon and germanium13-17.  A future publication will 
describe, in much more detail, the kinetics, experimental and precursor requirements, and 
versatility of this approach.  This future publication will also compare the capabilities and 
advantages of static CVD to conventional CVD and ALD18.  This chapter focuses on the 
application of HfB2 photonic crystals for thermophotovoltaic systems. 
 
 
Figure 5.2 – Schematic of the static CVD experimental design.  The static CVD system 
consisted of two glass chambers connected by ground glass joints with an on/off valve in 
between the two chambers.   
 
Hf(BH4)4 – 25°C, 15 Torr
Sample chamber in tube furnace
To pump To pump
Precursor chamber
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As determined by x-ray diffraction (XRD), the material was amorphous as-
deposited.  After annealing, XRD indicated that the material had crystallized (Figure 
5.3).  Figure 5.4 is an Auger electron spectroscopy (AES) depth profile of a HfB2 film 
that was approximately 50nm thick on a silicon substrate.  The material was near 
stoichiometric.  The Auger signal from oxygen within the film was ~0.5% and the carbon 
signal was ~1.5%.  The rising silicon signal beginning around 280 seconds was due to the 
silicon substrate.  The hafnium content reported in the silicon substrate was not real.  The 
analysis did not correctly differentiate between hafnium and silicon because these Auger 
peaks overlap.  The films also contained hydrogen as determined by secondary ion mass 
spectroscopy (SIMS).  
Hafnium diboride inverse opals were fabricated by chemically etching the silica 
colloidal crystal template.  The silica template was removed using a two-step process.  
First, the top HfB2 over layer was removed using reactive ion etching (RIE), exposing the 
silica template (2 hours, 20 sccm CF4, 4 sccm O2, 100 mTorr, 200 Watts).  Next, the 
silica template was etched using hydrofluoric acid (HF).  Note: HF is extremely toxic 
and should be handled with appropriate personal protection and inside a fume hood.  
However, HF also readily etched hafnium diboride.  Introducing glycerol into the etching 
solution protected the hafnium diboride from chemical attack during the silica template 
etching.  The mechanism by which the glycerol prevented HfB2 etching is unknown, 
however, we suspect it worked by passivating the HfB2 structure and preventing ions 
from attacking the material.  The etch solution was 5% HF by volume in a mixture of 
60% glycerol to 40% ethanol, by volume.  The total glycerol content was 55% by 
volume.  HfB2 etching was observed for HF concentrations higher than 5% and glycerol 
concentrations lower than 55%.  Glycerol is highly viscous and slowed the etch rate of 
silica significantly.  The minimum amount of glycerol required to protect HfB2 was used 
instead of diluting the HF solution with pure glycerol, so as to maximize the silica etch 
rate. 
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Figure 5.3 – X-ray diffraction pattern of a HfB2 photonic crystal after annealing to 
1000ºC for 12 hours.  
 
 
Figure 5.4 – AES depth profile of a HfB2 film (50nm) on a silicon substrate.  The 
hafnium content in the silicon substrate was not real.  The hafnium Auger peak overlaps 
with the silicon Auger peak and could not be differentiated during analysis.   
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5.3  Thermal stability of HfB2 photonic crystals  
 
Thermal stability experiments in this chapter were done using a tube furnace (CM 
Furnace, 1700 Series).  The photonic crystals were placed in the center of a sealed mullite 
tube (2 inch in diameter).  For all experiments, the tube was purged with ultra high purity 
(UHP) argon for 2 hours prior to starting the annealing process.  The temperature was 
ramped at 500°C/hour.  However, all diboride photonic crystals annealed under these 
conditions were oxidized.  It was assumed that the oxygen partial pressure was not below 
the equilibrium partial pressure of the HfB2 oxidation reaction.  Experimental methods to 
reduce the partial pressure of oxygen include using a vacuum or introducing an oxygen 
scavenger.  As observed in Chapter 4 for tungsten oxidation protection, the combination 
of a graphite filter (Merson) and a tungsten foil (Sigma-Aldrich, Inc., tungsten foil, 
0.127mm thick) sandwich reduced the partial pressure of oxygen enough to prevent 
oxidation of HfB2.  
 Top-view scanning electron micrographs of HfB2 photonic crystals, before and 
after annealing to 1000°C for 12 hours are displayed in Figures 5.5 and 5.6, respectively.  
Figure 5.7a and b are fracture cross-section SEM micrographs of HfB2 inverse opals 
annealed to 1000°C for 12 hours.  These structures retained the templated 3D order after 
annealing.  As seen in Figure 5.6b, micrometer scale cracking was observed after 
annealing.  Cracking at this scale could be from internal stresses that arise during the 
densification associated with crystallization.  While this cracking was not desirable, it did 
not completely inhibit the photonic properties of the 3D architectures (see next section).   
 
Figure 5.5 – Top view SEM micrographs of HfB2 as-deposited on a silica colloidal 
crystal. 
ba
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Figure 5.6 – Top view SEM micrographs of HfB2 on silica colloidal crystals after 
annealing to 1000ºC for 12 hours. 
 
 
Figure 5.7 – Fracture cross-section SEM micrographs of HfB2 inverse opals annealed to 
1000ºC for 12 hours.  
 
5.4  Reflectance and emissivity of HfB2 photonic crystals 
 
A photonic crystal must demonstrate modified thermal emission to be useful for 
TPV applications.  As described in Chapter 3, Kirchhoff’s Law relates emission to 
absorption.  Ignoring scatter and diffraction losses, we assumed absorption is to equal to 
one minus the reflection (A=1-R) because the transmission of these structures is equal to 
zero.  Thus, we probed the expected emissivity of the HfB2 photonic crystals using 
reflectance measurements.  A Fourier transform infrared spectrometer (FTIR) with a 
microscope attachment was used to collect the reflectance spectrum (see Chapter 3 for 
more details).  As deposited, the hafnium diboride photonic crystals did not demonstrate 
reflectance properties that could be useful to TPV applications.  The reflectance was 
mostly flat and low (~5%) from the visible to 5µm (Figure 5.8a).  After annealing to 
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1000°C for 12 hours, a broad reflectance peak emerged, starting in the visible and 
extending beyond the limits of our detector, 5µm (Figure 5.8a).  The change in 
reflectance properties of the opal was most likely due to the HfB2 densifying and 
crystallizing.  Previous publications have reported that the bulk resistivity of HfB2, which 
is related to the optical properties of the material, decreased by an order of magnitude 
after annealing6.  The emissivity of a hafnium diboride photonic crystal was collected 
before and after annealing at Stanford University (Figure 5.8b) and the University of 
Illinois at Urbana-Champaign (Figure 5.8c).  See Chapter 3 for a detailed description of 
these measurements.  The data collected from the Stanford emissometer showed the 
hafnium diboride photonic crystals that were not annealed had a high relative emissivity 
(~0.9), which was expected based on the low reflectance of the structure (~5%).  
Hafnium diboride photonic crystals that were annealed to 1000°C for 12 hours, 
demonstrated suppressed emissivity (~0.3) within the frequency regime of high 
reflectance (R~60%).  The Illinois emissometer observed a similar difference between the 
as-deposited HfB2 photonic crystal and annealed HfB2 photonic crystal.  The annealed 
photonic crystals had a relative emissivity of ~0.5 (Figure 5.8c).  The relative emissivity 
of the as-deposited photonic crystals was greater than 1 (not shown in Figure 5.8c).  A 
relative emissivity greater than one is not physically possible.  The inaccuracy of this 
relative emissivity was observed because the Illinois emissometer does not use a black 
body reference source.  Raw emission data from photonic crystals collected at Illinois 
were normalized using raw emission data collected from a glassy carbon plate.  The 
absolute value of the measured emissivity using the Illinois emissometer cannot be 
trusted, however, the difference in emissivity between the as-deposited and annealed 
HfB2 photonic crystals was useful to further support the emissivity data collected using 
the Stanford emissometer.   
The thermal emissivity results presented above agree with Kirchhoff’s Law and 
the expected relationship between emissivity and reflectance (R).  For both the as-
deposited and annealed photonic crystals, the emissivity was approximately equal to 1-R.  
The annealed structures with high reflectance peaks had suppressed emission as 
compared to structures that were “as-deposited” and had very low reflectance. 
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Figure 5.8 – a)  Measured reflectance spectra.  b)  Measured emissivity collected using 
the Stanford emissometer.  c)  Measured emissivity collected using the Illinois 
emissometer.  The emissivity of the as-deposited HfB2 photonic crystal, measured at 
Illinois, was greater than 1.  For all plots, the red spectrum corresponds to HfB2 coated 
silica colloidal crystals annealed to 1000ºC for 12 hours.  The black spectrum 
corresponds to HfB2 coated silica colloidal crystals, before annealing.   
 
5.5  Conclusions  
 
 This chapter explored a new material for TPV systems incorporating a 3D 
photonic crystal emitter.  HfB2 photonic crystals were fabricated using CVD and self-
assembled colloidal crystal templates.  Conformal deposition of this material inside the 
3D colloidal crystal architectures was achieved by designing a static CVD system that 
operated at high precursor pressures.  The HfB2 photonic crystals were thermally stable 
up to 1000ºC and demonstrated modified thermal emission.  These results suggest that 
HfB2, and other refractory ceramic materials, could be useful for practical TPV systems.  
Hafnium diboride was investigated here because of its relative ease of deposition, 
however, some of the other refractory borides, carbides, and nitrides should be studied.  
Optimization of the 3D structure could improve the photonic properties of these 3D 
architectures.  Optimization using computer simulations was discussed in the previous 
chapter for tungsten photonic crystals.  Similar simulation experiments should be 
conducted for HfB2 photonic crystals.   
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CHAPTER SIX 
 
ALUMINUM ELECTRODEPOSITION INSIDE SELF-ASSEMBLED 
TEMPLATES FOR ENERGY STORAGE APPLICATIONS1* 
 
6.1  Introduction 
 
Aluminum is a useful material for energy storage applications because aluminum 
is a low cost, low-density, earth abundant material with interesting electrochemical 
properties.  The energy density and power density of energy storage materials can be 
greatly enhanced by introducing nanometer scale structure1,2.  However, a straightforward 
procedure to fabricate aluminum architectures with nanometer scale structure has not yet 
been demonstrated.  Herein, self-assembled colloidal crystals were used as a template for 
the fabrication of 3D architectures of aluminum with nanometer scale features.  
Electrodeposition, chemical vapor deposition (CVD), and atomic layer deposition (ALD) 
are potentially useful methods for aluminum deposition inside 3D templates.  This 
chapter specifically discusses the electrodeposition of aluminum inside self-assembled 
colloidal crystals for energy storage applications.  This chapter also includes a discussion 
on further optimization to enhance the properties of 3D aluminum architectures and other 
future work. 
 
6.2  Aluminum electrodeposition 
 
Aluminum has a high electrochemical reduction potential making the 
electrodeposition of this material difficult especially in aqueous solutions.  There are 
three classes of electrolytes that can be used for the electrodeposition of aluminum, ionic 
liquids3,4, molten salts5-7, and aprotic organic solvents with aluminum halides8-10.  Ionic 
liquids tend to be the most challenging and have lower ionic conductivities while molten 
salt solutions require high temperatures.  Aluminum halides in aprotic organic solvents 
                                                       
* This work was done in collaboration with Dr. Dara van Gough, John Sadlik, and 
Maxwell Li. 
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are attractive because of the relative ease of plating pure, dense deposits of aluminum10.  
Solvents typically used include ether, tetrahydrofuran, and dimethyl sulfoxide, although 
others have been studied11.  The aluminum halide salts typically used include aluminum 
trichloride, aluminum bromide, and lithium aluminum hydride, or some combination 
thereof8,12.  A disadvantage of the organic solvent systems is that the solvents are 
typically volatile and have lower electrochemical potential windows of stability 
compared to the other plating systems.  All of the aluminum electrodeposition 
electrolytes described above are sensitive to oxygen and moisture; therefore, aluminum 
electrodeposition is conducted in an inert atmosphere.  Additives or periodically 
reversing the potential during deposition have been implemented to reduce nucleic 
growth and achieve uniform aluminum deposition10,11. 
Herein, electrodeposition of aluminum inside a colloidal crystal template was 
accomplished using an organic solvent-based electrolyte8,10.  Silica colloids were used to 
fabricate the colloidal crystal templates by vertical deposition (see Chapter 1).  Diethyl 
ether was used as a solvent and aluminum trichloride and lithium aluminum hydride were 
added as the aluminum ion sources.  The chemistry of the bath is not fully understood 
although mechanisms have been hypothesized8,10.  An aluminum counter electrode was 
used for electrodeposition.  Anode dissolution during plating prolonged the life of the 
bath.  The anode dissolution reaction increased in efficiency when the bath was agitated 
and heated to 40°C during electrodeposition.   
For applications requiring an aluminum inverse colloidal crystal (inverse opal), 
the silica template was removed following electrodeposition using a hydrofluoric acid 
(HF) solution (see Section 6.3).  Note: HF is extremely toxic and should be handled 
with appropriate personal protection and inside a fume hood.  However, HF also 
readily etched aluminum.  Introducing glycerol into the etching solution protected the 
aluminum from chemical attack during silica template etching.  The mechanism by which 
the glycerol prevented aluminum etching is unknown, however, we suspect it worked by 
passivating the aluminum structure and prevented fluorine ions from attacking the metal.  
The etch solution was 5% HF by volume diluted with a mixture of 60% glycerol to 40% 
ethanol, by volume.  The total glycerol content was 55% by volume.  Aluminum etching  
 89 
 
Figure 6.1 – a)  Fracture cross-section SEM micrograph of a four layer silica colloidal 
crystal with aluminum deposited through the first two layers.  b)  Fracture cross-section 
SEM micrograph of aluminum inverse opal 
 
was observed for HF concentrations higher than 5% and glycerol concentrations lower 
than 55%.  Glycerol is highly viscous and slowed the etch rate of silica significantly.  
Thus, the minimum amount of glycerol required to protect aluminum was used so as to 
maximize the silica etch rate. 
Figure 6.1 a and b are SEM micrographs of aluminum deposited inside a 
colloidal crystal template and an aluminum inverse opal, respectively.  Inverse opals as 
thick as 80µm were fabricated for energy storage applications.   Section 6.3 discusses the 
use of aluminum inverse opals as templates for metal insulator metal (MIM) capacitors.  
Section 6.4 discusses the use of the aprotic organic solvent-based electrolytes for 
aluminum metal battery applications. 
 
6.3  3D metal insulator metal capacitors  
 
The total surface area available for charge storage limits the energy density of 
conventional electrostatic capacitors.  Energy density can be improved by using 
nanometer scale architectures to increase surface area.  A number of works utilized 
anodized aluminum oxide (AAO) or porous silicon templates for the fabrication of high 
surface area MIM capacitors13-18.  In these works, the metal, insulating, and metal layers 
were all deposited by ALD inside the high surface area AAO or porous silicon templates.  
As discussed in Chapter 4, the speed of ALD inside high aspect ratio architectures is 
plagued by lengthy exposure times and purge cycles.  Moreover, clean room 
1 µm 5 µm
a b
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environments and tight process controls are required to achieve pinhole-free insulating 
layers.  Banerjee, et al.13 reported the highest capacity from such a device at 100µF/cm2.  
Top view and fracture cross-section SEM micrographs of that device are presented in 
Figure 6.2. 
The AAO and porous silicon templates are 2D architectures.  Increasing the 
dimensionality to a 3D architecture with nanometer scale features would increase the 
surface area and subsequently increase the capacitive density of MIM capacitors.  The 3D 
aluminum inverse opals scaffolds fabricated in Section 6.2 were used as bottom contacts 
for high energy density metal insulator metal capacitors.  The dielectric was formed using 
anodization in an aqueous solution with a platinum counter electrode (15V, 0.016M 
ammonium tartrate, 1 hour)19-21.  Anodization is a useful technique for the fabrication of 
pore free oxide layers on metal surfaces and is popular for the fabrication of widely 
implemented tantalum capacitors and aluminum electrolytic capacitors.  
 
Figure 6.2 – 2D metal insular metal capacitor fabricated by ALD inside an AAO 
template.  a)  Top view SEM micrograph of the capacitor.  b)  Cross-section SEM 
micrograph of the capacitor. 
a
b
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Prior to 3D MIM capacitor fabrication, a planar MIM capacitor was fabricated by 
anodization of a thin aluminum film as a proof of concept.  Aluminum was 
electrodeposited on tungsten foil using the hydride plating solution described in Section 
6.2.  The surface of the aluminum was anodized using the ammonium tartrate solution 
described in the previous paragraph.  Gold was evaporated on top of the aluminum oxide 
layer as a top contact.  Preliminary testing of this planar MIM capacitor suggested that 
the anodization of aluminum could produce relatively large area (0.167cm2) capacitors 
with low leakage currents (Figure 6.3).  After measuring the capacitance of this device 
(5nF), the dielectric constant of the oxide was calculated to be 8.7, which is close to what 
is expected for alumina (8.5-9.5).  This suggested that the anodized alumina is of 
sufficient quality for device applications.   
 
Figure 6.3 – Leakage current measurement of a planar MIM capacitor fabricated by the 
electrodeposition of aluminum and subsequent anodization.  
 
3D MIM device fabrication started with the electrochemical fabrication of 
aluminum inverse opals.  The inverse opal was removed from the metal substrate yielding 
a freestanding inverse opal architecture.  An edge of this opal was “glued” to a glass slide 
using silver paint.  This served as a bottom contact for the device.  Much of the silver was 
masked and the edges of the inverse opal were sealed using polyimide or Torr Seal 
(Varian).  The sample was pre-wet with isopropyl alcohol before immersion into the 
anodization solution.  Figure 6.4 shows the device prior to top contact deposition.   
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Figure 6.4 – 3D MIM device before top contact deposition.  The aluminum inverse opal 
is in the center and appears blue.  The silver paint seen at the top of the image continues 
underneath the Torr Seal “mask” and connects to the bottom of the aluminum inverse 
opal.   
 
The final step in fabricating a 3D MIM capacitor was to deposit another metal 
layer on top of the anodically formed oxide layer.  This step proved to be very 
challenging and remains the limiting process for this device fabrication.  Metal deposition 
on oxide surfaces is very challenging because metals do not readily wet oxide surfaces22.  
Gas phase deposition techniques and solution-based techniques were attempted.  The 
following list summarizes the deposition techniques that were attempted, the results, and 
reasoning why each technique failed. 
1.  Platinum ALD – Platinum (ALD) was accomplished using oxygen and 
Trimethyl(methylcyclopentadienyl)platinum(IV) precursors at a deposition 
temperature of 270°C.  Figure 6.5 is a SEM micrograph of the MIM architecture 
fabricated using Pt ALD.  This image is a fracture cross section showing the 3 
distinct layers.  All devices fabricated using Pt ALD short-circuited.  We  
 
Silver paint
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Figure 6.5 – Fracture cross-section SEM micrograph of MIM device fabricated by 
anodization and subsequent platinum ALD.   
 
speculate the high temperature deposition caused the aluminum core to expand, 
crack the oxide layer, resulting in a failed device. 
 
2.  Iron CVD – Iron deposition by static CVD was attempted using iron 
pentacarbonyl at 100°C (in collaboration with Andrew Cloud, Abelson Group, 
UIUC).  See Chapter 4 for a discussion on static CVD.  Iron deposition on the 
anodized aluminum was not observed probably due to nucleation challenges.  
Previous studies have demonstrated that iron deposition can be very selective 
depending on the substrate material composition and temperature23,24.  This 
method is attractive because of the low deposition temperature; however, a better 
understanding of the static CVD of iron is needed. 
 
3.  Reactive silver ink – In collaboration with Brett Walker (Lewis Group, UIUC), 
silver was deposited inside the 3D architectures using a particle free, reactive 
silver ink consisting of silver acetate, formic acid, and ammonium hydroxide25.  
The ink was infiltrated inside the 3D architecture and converted to silver by the  
100 nm
Al core     Al2O3 Pt ALD
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Figure 6.6 – Fracture cross-section SEM micrograph of a MIM device after deposition of 
a silver top contact using the reactive silver ink.  The silver deposited in isolated islands 
inside the 3D architecture. 
 
 
application of heat (90°C).  Figure 6.6 is an SEM micrograph of the deposited 
silver inside the 3D architecture.  Not enough silver was deposited inside the 
architecture to form a continuous, conductive film.  Instead, individual and 
separate nuclei of silver were observed.  Multiple infiltrations were not possible 
because the top of the structure was sealed with a film of silver after the first 
infiltration.  A continuous flow of the silver ink under the application of heat 
could solve this problem, although such a flow cell has not yet been attempted. 
 
4.  Decomposition of manganese dioxide – The top contact of tantalum capacitors 
is deposited by the thermal decomposition of manganese nitrate to manganese 
dioxide at 250°C.  We attempted to perform the thermal decomposition reaction 
inside of our 3D structures.  As with the silver ink, the top of the structure was 
sealed before a complete, conductive coating was formed.  Also, the 
decomposition temperature was very high (similar to Pt ALD).  Even if a 
1 µm
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conductive film was formed, the device would probably be short circuited due to 
thermal expansion of the aluminum core and cracking of the oxide layer.  
 
 Based on the results summarized above, future work should focus on the 
deposition of a top contact using one of two methods.  First, static CVD of iron at low 
temperatures (or another conductive material) should continue to be pursued.  Chapter 4 
presented the ability of static CVD to achieve conformality in extremely high aspect ratio 
architectures.  We have successfully deposited iron at 100°C on silica colloidal crystals 
(Figure 6.7), however, we have not yet successfully demonstrated the deposition of iron 
on aluminum oxide for MIM capacitor applications.  Much work could be done to 
optimize this deposition and potentially achieve a uniform conductive coating.  Second, 
the initial results using the reactive silver ink were very promising and this technique 
should also be pursued in the future.  We have successfully demonstrated the deposition 
of silver deep inside the 3D architectures; however, a continuous conductive film was not 
achieved.  Improvements in device geometry and the development of a flow cell 
deposition system could yield a dense conductive coating.  
 
 
Figure 6.7 – Iron conformally deposited on a silica colloidal crystal by static CVD.   
 
500nm
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6.4  Aluminum metal batteries  
 
Lithium ion batteries are ubiquitous in the modern portable electronics industry 
and are the focus of intense research for electric vehicles, grid scale energy storage, 
military, and aerospace applications.  Increasing the energy density of existing lithium 
ion battery technology is important to make some of these applications more practical 
and efficient.  One way to improve the energy density of lithium ion batteries is to use 
lithium metal as the anode material26,27.  In this configuration, the energy density is 
maximized because of the lower density of lithium (0.53g/cm3) and highest theoretical 
capacity (3.86Ah/g, 2.06Ah/cm3) compared to any lithium intercalation material.  
However, cycling of this “lithium metal battery” causes dendritic growth of lithium at the 
anode eventually resulting in short circuiting of the battery.  This dendritic growth is the 
fundamental challenge for a lithium metal battery and has yet to be solved.  
An aluminum-ion battery is an attractive alternate to a lithium-ion battery because 
it is a trivalent system that yields very high energy densities (2.98Ah/g, 8.04Ah/cm3)28-30.  
Moreover, aluminum is an abundant, low cost material that is more stable compared to 
lithium metal.  Like lithium-ion batteries, the energy density of an aluminum-ion battery 
is higher when aluminum is used as the anode material (aluminum metal battery).  
Limited reports of such an aluminum metal battery exist because of corrosion and 
hydrogen evolution at the cathode in aqueous electrolytes, which result from the 
relatively negative reduction potential of aluminum. 
Recently, ionic liquid electrolytes have been investigated for aluminum metal 
batteries to circumvent the corrosion and hydrogen evolution problems associated with 
aqueous electrolytes3,4,31,32.  The cells fabricated using these ionic liquid electrolytes 
exhibit poor cyclability, failing due to dendritic growth at the aluminum anode.  Ionic 
liquids are known to have higher viscosities and lower ionic conductivities as compared 
to aqueous electrolytes.  Because of these properties of ionic liquids, diffusion challenges 
arise that favor dendritic growth conditions.  
There is another class of electrolytic solutions that can support aluminum 
electrochemical systems, namely those based on aprotic organic solvents (see Section 6.2 
for more details)11,33.  These types of solutions have been successfully implemented for 
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electroplating of pure, dense aluminum deposits with high current efficiencies, however, 
they suffer from high volatility, flammability and, relatively short lifetimes (when used as 
a plating electrolyte).  Despite these challenges, aluminum electrolytic solutions based on 
organic aprotic solvents were adopted by the National Bureau of Standards in 1952 for 
aluminum electroplating and have been implemented in industrial processes with varying 
degrees of success.  Herein, we seek to utilize these types of electrochemical solutions for 
the fabrication of an aluminum metal battery with improved cyclability compared to 
aluminum metal batteries utilizing ionic liquid electrolytes.  The organic solvents have 
lower viscosities and higher ionic conductivities that could reduce the prevalence of 
dendritic growth at the anode and improve the cyclability of such a device.   
Our electrochemical solution consisted of lithium aluminum hydride and 
aluminum trichloride as the electro-active species and diethyl ether as the aprotic organic 
solvent.  See Section 6.2 for more details regarding the electrolyte system.  These types 
of electrochemical solutions have not been used to demonstrate an aluminum metal 
battery.  There are two questions that must be answered to know if this electrochemical 
solution can be used for the fabrication of an aluminum metal battery and they are: 
 
1.  Can aluminum be reversibly and cyclically plated and dissolved at the anode? 
2.  Can aluminum be reversibly and cyclically intercalated into a cathode 
material? 
 
 To answer the first question, simple cycling experiments were designed.  An 
electrochemical cell was assembled using the electrolytic solution described above, a 
tungsten electrode (referred to as the anode) and an aluminum electrode (referred to as 
the counter electrode).  A known amount of aluminum was first deposited on the anode 
(measured in mAh).  Samples were ~ 0.5cm x 0.5cm.  Typically, 5mAh of current was 
used to deposit aluminum at a constant current on the anode before cycling.  The current 
was then reversed, resulting in aluminum dissolution at the anode.  A known amount of 
charge was allowed for the aluminum dissolution (typically 2.5mAh).  The current was 
then switched again and the same amount of aluminum was allowed to redeposit on the 
anode (2.5mAH).  The dissolution of aluminum was not expected to be 100% efficient, 
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however, the efficiency was improved by adding agitation and heat (40°C).  Because the 
dissolution was not 100% efficient, there was a net increase in aluminum on the tungsten 
electrode per cycle.   
Initial cycling experiments of the anode have demonstrated very uniform growth 
and suppressed dendrite formation.  This uniformity was preserved cycling at different 
currents (ranging from 5mA-25mA).  This is contrary to previous reports of aluminum 
batteries claiming dendritic growth at the anode limited the batteries cylcability.  This 
improvement could be attributed to the electrochemical solution used for the cycling 
experiments described above.  This solution has a lower viscosity and higher ionic 
conductivity compared to previously reported ionic salts.  These electrolyte properties 
minimize the diffusion limitations that favor dendritic growth conditions.  The cycled 
aluminum films at the anode did suffer from delamination at the edges.  Incorporating a 
silica colloidal crystal template on the anode solved this problem.  These templates direct 
and control diffusion in a fashion that furthers supports uniform cycling as opposed to 
dendritic growth10.  Initial tests using such anodes demonstrated very uniform deposition  
and dissolution of aluminum inside the 3D architecture without delamination.  Figure 6.8 
a-c show SEM micrograph fracture cross-sections of aluminum deposited in a silica 
colloidal crystal template after 10 cycles.  During cycling, the amount of charge used for 
deposition and dissolution was monitored so as to never allow the aluminum layer to 
completely deplete or overgrow.  The micrographs were recorded at progressively higher 
magnifications.  Note the micrographs were not collected from the same sample.   
 
 
Figure 6.8 – Fracture cross-sections of aluminum inside 3D silica colloidal crystal 
templates.  These SEM micrographs were collected after 10 cycles of depositing 
aluminum and dissolving aluminum.   
 
2 µm3 µm10 µm
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Current efforts are focused on the fabrication of a complete cell using a cathode 
material capable of aluminum ion intercalation.  Two intercalation compounds for 
potential use as a cathode material have been synthesized, namely V2O529,34 and λ-
MnO2.30,35  In collaboration with Dr. Jinyun Liu and Junjie Wang (Braun Group, UIUC), 
these two compounds have been synthesized and are being assembled into electrodes 
using polyvinylidene fluoride (PVDF) binder, super-p carbon, and N-Methyl-2-
pyrrolidone (NMP) as the dispersant.  Cyclic voltammetry will be used to detect 
intercalation of aluminum ions into these materials. 
 
6.5  Conclusions and future work 
 
 This chapter explored aluminum electrodeposition inside colloidal crystal 
templates for energy storage applications.  An aprotic organic solvent-based electrolyte 
was used for the aluminum electrodeposition.  3D aluminum inverse opals were used for 
the fabrication of metal insulator metal capacitors.  Future improvements including 
device design and top contact deposition are required to realize the high energy densities 
expected from these structures.  3D aluminum inverse opals could also be implemented in 
lithium ion batteries.  High rate performance lithium ion batteries (and nickel metal 
hydride batteries) have been demonstrated using nickel inverse opals as metal scaffolds 
for the fabrication of bi-continuous electrodes36.  It would be advantageous to replace the 
nickel with aluminum to increase the energy density of the batteries and reduce the cost.  
Moreover, aluminum is a high energy density anode material for lithium ion batteries 
(993 mAh/g as compared to 372 mAh/g for the conventional anode material, graphite).  
Large volume expansion during lithiation of the aluminum may render these structures 
ineffective for this application.  
The combination of the aprotic organic electrolyte with colloidal crystals for 
aluminum metal batteries was also discussed.  If fully developed, aluminum metal 
batteries could be cheaper and have better performance than conventional lithium ions 
batteries.  Future work should focus on designing aluminum intercalation compounds for 
the cathode of an aluminum metal battery.  When full cells are fabricated, cycling 
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experiments should be done to confirm the “half-cell” experiments done herein.  Also, 
other solvents with a higher vapor should be investigated as a substitute for diethyl ether. 
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CHAPTER SEVEN 
 
ELECTROCHEMICAL PREPARATION OF LARGE AREA CHIRAL 
METAMATERIALS USING DIRECT LASER WRITTEN TEMPLATES*1 
 
7.1  Introduction   
 
Metamaterials are periodic structures that are designed to control the propagation 
of light in a manner not observed in nature1.  Important applications for metamaterials 
include negative refraction2-5, a super lens with sub-wavelength resolution6, and 
invisibility cloaking7.  Negative refraction has been experimentally realized using a 
variety of architectures including split ring resonators8,9, stacked 2D fishnet structures10-
12
, and double crosses13.  These structures operate by supporting electric and magnetic 
resonances simultaneously, within the same frequency range, resulting in a simultaneous 
negative permittivity and negative permeability.  Experimental realization of such a 
structure is challenging, particularly at higher frequencies, because of the stringent design 
constraints and small feature sizes required14,15.  Photonic crystals with negative 
dispersion relationships also exhibit negative refraction.  Dielectric photonic crystals are 
particularly interesting for applications in the visible regime because they exhibit low loss 
compared to metallic architectures, however, demanding design constraints have limited 
the success of these architectures16-18. 
Chiral metamaterials are attractive alternatives to achieve negative 
refraction14,15,19,20.  The constitutive equations for chiral media, or more generally bi-
isotropic media, show that the electric (magnetic) field resonance is dependent upon both 
the electric and magnetic fields; thus the resonances are coupled.  Experimentally this 
indicates that a structure designed to support one of the resonances will simultaneously 
support the other resonance.  Furthermore, these equations show the refractive index for 
chiral media includes the chirality factor (κ), which is not included for traditional, 
isotropic media.  This chirality factor allows the refractive index to be different for right 
and left handed circularly polarized light (represented as + and – in Equation 1).  
                                                       
*
  This work was done in collaboration with Andre Radké and Martin Schäferling, 
Giessen Group, University of Stuttgart, Germany.   
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             Equation 1 
 
Negative refraction is achieved, for one circular polarization of light, when the chirality 
factor is larger enough.  Note that negative refraction using chiral materials can be 
realized without the requirement of a simultaneous negative permeability and negative 
permittivity, which is a distinct advantage over traditional, non-chiral metamaterial 
architectures.  
The fabrication of metamaterials exhibiting strong optical chirality is important 
for other applications besides negative refraction including circular dichroism, rotation of 
plane polarized light, and optoelectronic devices such as an optical diode21,22.  Cholesteric 
liquid crystals, quartz, and many biological molecules exhibit weak optical chirality.  
However, the strong chirality required for the proposed applications, including negative 
refraction, does not exist in nature23.  Certain architectures with sub micrometer 
dimensions, have been computationally identified as possible candidates exhibiting 
strong optical chirality including twisted omegas24, Möbius strips24, and various types of 
helical structures19,25-27.  
Chiral metamaterials require 3D design and fabrication because chirality is 
inherently a 3D phenomenon.  Furthermore, achieving a chiral response in the near 
infrared (NIR) to visible regime requires architectures with nanometer scale features.  
The fabrication of such structures is challenging, but possible using the combination of 
direct laser writing and electrochemical deposition.  Herein, we demonstrate the 
versatility of this combination by fabricating large area arrays of twisted omega 
architectures and 3D bi-chiral crystals.  
 
7.2  Electrodeposition of large area arrays of chiral metamaterials 
 
Figure 7.1 schematically describes the fabrication procedure for a large area array 
of twisted omegas (the same procedure was used to fabricate large area 3D bi-chiral  
n = εµ ± κ
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Figure 7.1 – Fabrication procedure for chiral metamaterial architectures schematically 
shown for a single twisted omega unit.  a)  Thin film of AZ 9260 photoresist on an ITO 
substrate.  b)  Hollow cavity of the desired 3D architecture after development of the 
direct laser written pattern.  c)  Electrodeposition inside the hollow cavity.  d)  Final 3D 
metallic architecture after resist removal.  3D schematics generated by Martin Schäferling 
(Giessen Group, University of Stuttgart, Germany). 
 
crystals).  Direct laser writing defined the desired 3D architecture in a positive tone 
photoresist material (AZ 9260) by two-photon absorption.  Hollow cavities of the desired 
architectures were formed following development (Figure 7.1b) and subsequently filled 
with gold by electrodeposition (Figure 7.1c).  Finally, the photoresist was stripped to 
produce the desired metallic architecture (Figure 7.1d).  Photoresist stripping after 
electrodeposition for the 3D bi-chiral crystals was accomplished using n-methyl 
pyrrolidone (NMP).  Super critical drying was necessary to prevent structural degradation 
and delamination during removal from the NMP solution.  This stripping method was not 
conducive for the twisted omega architectures.  Solution processing resulted in omega 
delamination, even when super critical drying was implemented as the final drying step.  
Oxygen plasma was used to strip the photoresist for the twisted omega arrays (2 hours, 
400 mTorr, 200 Watts, 20 sccm O2).  Powers higher than 200 Watts resulted in structural 
degradation during etching.  The samples were etched, face down, but propped up by two 
glass slides underneath the edges of the sample.  This was necessary to obtain samples 
that were completely etched with no remaining residue.  Samples that were etched face-
up always possessed an unknown residue remaining on the substrate that could not be 
removed by further plasma treatments or other solution based methods. 
 The gold was electrodeposited using a three-electrode electrochemical cell 
consisting of an Ag/AgCl reference electrode, a platinum counter electrode, and an 
indium tin oxide (ITO) working electrode with the 3D polymeric template.  Surface 
tension occasionally prevented the plating solution from fully penetrating the 3D 
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architecture.  This caused incomplete infilling of gold and incorrect final structures.  To 
solve this problem, the samples were immersed in a carbon dioxide environment before 
immersion into the aqueous plating solution28.  Carbon dioxide readily dissolved in water, 
allowing the solution to fully penetrate the complex 3D hollow cavities.  
During electroplating, diffusion limitations inside the complex geometries caused 
non-uniform distributions of metal ions in solution and dendritic growth.  Experimentally 
we observed dendritic growth for potentiostatic deposition at -1.2V.  To circumvent 
diffusion challenges, we employed a pulsed electrodeposition technique.  The deposition 
potential was applied for a short duration (typically -1.2V for 0.4 seconds) followed by 
the application of a “rest” potential in a regime where no deposition was expected 
(typically 0V for 3 seconds).  The resting period allowed the metal ions in solution to 
uniformly diffuse in the complex 3D polymeric template.  High current densities were 
detected during the short potential pulses, which favored high nucleation rates as opposed 
to dendritic growth conditions.  Using this technique, we observed complete and uniform 
infilling of large area arrays of our complex architectures.  Figure 7.2 demonstrates the 
dramatic improvement in growth uniformity when using pulsed potential 
electrodeposition for the fabrication of the 3D bi-chiral crystals. 
 
Figure 7.2 – FIB cross-section SEM micrographs of gold electrodeposition inside 3D bi-
chiral crystal polymeric templates when employing a) a constant potential and b) a 
pulsed potential. 
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Figure 7.2a is a SEM micrograph cross-section (achieved using focused ion 
beam, FIB) of dendritic growth of gold inside the 3D polymeric template (constant 
potential electrodeposition).  The dark regions in the cross-section are hollow cavities 
(defined by DLW) that were not filed with gold during electrodeposition.  The lighter 
regions in the cross-section are cavities that were filled with gold during 
electrodeposition.  The large round features on top of the photoresist were gold nuclei 
that over grew after filling some volume of the polymeric template.  Figure 7.2b is a 
SEM micrograph cross-section (achieved using FIB) of uniform gold deposition inside 
the 3D polymeric template (pulsed potential electrodeposition).  The gold deposited 
uniformly through ~2/3 of the height of the 3D template.  The amount of deposited gold, 
and consequently the depth of the final architectures, was controlled by the number of 
electrodeposition cycles (one deposition pulse and one “rest” sequence constituted one 
complete cycle). 
 
7.3  Arrays of twisted omega architectures 
 
Arrays of twisted omega architectures have been theoretically predicted and 
studied24.  Recently, Helgert, et al. utilized a layer-by-layer approach to fabricate an 
architecture reminiscent of the twisted omega, however, a direct realization of such a 
structure has not yet been achieved29.  Figure 7.3a is a 3D rendering of the twisted 
omega structure with coordinate axes useful for the explanation of the electromagnetic 
response.  Lineally polarized light parallel to the x-axis excites oscillating currents in the 
“wires” of the structure.  These current oscillations flow into the “loop” connecting the 
two wires.  The current in the loop induces a magnetic field parallel to the x-axis and a 
corresponding electric field in the YZ plane.  These generated fields were expected to 
cause strong rotation of the polarization of incident light. 
We used a Fourier modal method (FMM)-based Maxwell equations solver that 
was developed in the Giessen Group (University of Stuttgart, Germany) to predict an 
optimal parameter range for the dimensions of the structure and calculate the expected 
rotation of plane polarized light.  The spatial resolution was increased at the interfaces  
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Figure 7.3 - a)  Schematic of an individual twisted omega with coordinate axis useful for 
describing the optical response (see text).  b)  “Boxed” model of the twisted omega 
architecture with the offset placed at the top of the loop and c) the bottom of the loop.  3D 
schematics generated by Martin Schäferling (Giessen Group, University of Stuttgart, 
Germany). 
 
between the structures and the surrounding medium for better convergence30.  We placed 
the omega structures on top of a 150 nm thick ITO layer with a refractive index of 1.7.  
For the substrate, we used a refractive index of 1.518.  The gold was modeled using a 
Drude model with a plasma frequency of 1.37 x 1016 s-1 and a collision frequency of 1.22 
x 1014 s2.  This unit cell was arranged in an infinite two-dimensional array.  
Our FMM solver cannot model the exact geometry of the omega structure as only 
rectangular faces are supported by the adaptive spatial resolution.  Therefore, we replaced 
the curved omega with a rectangular representation similar to that discussed in a previous 
publication24.  Our original model did not include an offset in the loop parallel to the x-
axis.  Without this offset, the spectral response changed significantly probably because 
the two metal wires touch at their ends, essentially “shorting” the structure.  We 
concluded that this offset was necessary to best represent the true omega architecture.  
The offset was computationally studied at the top (Figure 7.3b) and at the bottom 
(Figure 7.3c) of the loop.  The resultant polarization rotation spectra were very similar 
for both configurations (Figure 7.4).  Therefore, either configuration was appropriate for 
the exploration of the structural parameter spaces so as to identify the most promising 
architecture for experiments.  
Optimization was done to obtain maximum polarization rotation for incident light 
polarized parallel to the wires (Figure 7.3, x-axis).  Optimized structural parameters were 
predicated by computationally varying the “wire” length (Figure 7.3, L), diameter of the 
loop (Figure 7.3, D), thickness of the metal (Figure 7.3, W), and the packing density  
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Figure 7.4 – Calculated rotation of polarization using an array of twisted omegas with 
L=500nm, D=500nm, and W=300nm.  The two spectra included represent the two 
possible placements of the offset in the boxed omega model (top or bottom). 
 
of the omega arrays.  Only parameters that were, in principle, achievable in experiment 
were computationally studied.  The computational studies indicated that the optimum 
parameters were robust against minor structural deviations.  We found that the strength of 
the optical rotation, for a given set of structure parameters, increased lineally with 
packing density.  High packing density corresponded to more individual omega units 
interacting with light per unit area, yielding a strong response.  The length of the “wires”, 
L, was the key parameter to predict the spectral position of the peak in optical rotation.  
We expected the peak in optical rotation to be in the range of 3.5µm to 4µm using wires 
with L=500nm.  When L is set to 500nm, the strongest optical rotation was observed for 
omegas with loop diameters, D, in the range of 500-700nm.  The expected polarization 
rotation for these parameters is presented in Figure 7.4. 
Arrays of omegas with the parameters described above are being fabricated.  The 
omegas are being packed as close as practically possible using DLW.  The precise 
distance between omegas will be measured in the future using SEM.  The wire width, W, 
is difficult to control and will depend on the laser power used during DLW.  A series of 
samples using different laser powers are being fabricated.  
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Figure 7.5 displays SEM micrograph images of non-optimized twisted omega 
arrays that have already been fabricated.  Figure 7.5a is the lowest magnification 
demonstrating large area arrays can be fabricated.  Figure 7.5b and c are progressively 
higher magnification SEM micrographs collected at oblique angles.  Note that the images 
in Figure 7.5 were not collected from the same sample.  The gold was slightly overgrown 
for the omegas in Figure 7.5b, as evident by the gold balls on the very top of the 
structures.   
 
Figure 7.5 – SEM micrographs of twisted omega arrays at different magnifications.   
  
7.4  3D bi-chiral crystals  
 
A 3D bi-chiral crystal consists helical arrays organized in all three orthogonal 
directions.  The uniaxial version of this structure, helices organized in one dimension, has 
already been realized using metallic materials (Figure 7.6a)19.  The electromagnetic 
response of this one-dimensional array was closely related to the pitch of metal helices 
and angle of incident light.  The 3D bi-chiral crystals have been experimentally realized 
using polymeric materials and exhibit an electromagnetic response independent of 
incident angle (Figure 7.6b).  The electromagnetic response is expected to be stronger, 
and independent of incident angle, if 3D bi-chiral crystals were fabricated using metallic 
materials19.  We recently demonstrated the metallization of polymeric 3D bi-chiral 
crystals fabricated by DLW using a negative tone photoresist (SU8)31.  Metallization of 
the polymeric architecture was accomplished using electroless plating, however, the 
optical response of these structures was not as strong as expected because of metal 
porosity and roughness.  Herein, we demonstrate that DLW using a positive tone 
photoresist (AZ 9260) and electrodeposition is an attractive alternate method to achieve 
3D bi-chiral architectures comprising dense metallic materials with smooth surfaces.   
5 µm 1 µm25 µm
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Figure 7.6 – a)  SEM micrograph of a 1D array of gold helices.  Image reproduced from 
Reference 19.  b)  SEM micrograph of a polymeric 3D bi-chiral crystal.  Image 
reproduced from Reference 27. 
 
To design a mechanically stable 3D bi-chiral structure, one of the three 
orthogonal helices had to be shifted by the length of one spiral radius.  Shifting left or 
right using left handed spirals gave two chiral combinations.  Shifting left or right using 
right-handed spirals gave the other two chiral combinations.  Four metallic crystals, with 
the four different chiral combinations, were fabricated by DLW in a positive tone resist 
and subsequent gold electrodeposition.  Figure 7.7 a-d are top view SEM micrographs of 
the 4 chiral combinations.  Figure 7.8 is a lower magnification image of the 4 different 
chiral combinations, all on one substrate.  Further works needs to be done to optimize the 
photonic response of these architectures for metamaterials applications.  
a b
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Figure 7.7 – Top view SEM micrographs of 3D bi-chiral crystals with 4 different chiral 
combinations.  The images were collected at the same magnification. 
 
 
 
Figure 7.8 – Low magnification, top view, SEM micrograph of 3D bi-chiral crystals with 
4 different chiral combinations. 
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7.5  Conclusions and future directions 
 
The realization of 3D chiral metamaterials that operate in the NIR to visible 
regime requires advanced 3D fabrication of metallic architectures with nanometer scale 
features.  Direct laser writing in combination with electrochemical deposition is one 
method to achieve chiral metamaterials with smooth metal surfaces.  Arrays of twisted 
omegas and 3D bi-chiral crystals were fabricated in this chapter as demonstrations of 
advanced 3D metallic chiral metamaterials.  Future work will focus on the optimization 
of the chiral response through structural variation directed by the computational 
experiments that have already been conducted.  Other chiral structures, including those 
predicted in the literature and those that may be suggested in the future, could be realized 
using direct laser writing and electrodeposition and will be the future focus of this work.  
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APPENDIX A 
 
MATERIALS CHARACTERIZATION EQUIPMENT DESCRIPTIONS 
 
Scanning electron micrographs were collected using a Hitachi S4700 or S4800 high-
resolution field emission scanning electron microscope.   
 
Focused ion beam (FIB) milling was done using a FEI Dual Beam 235 FIB.  
 
Energy dispersive X-ray analysis was performed using an Oxford Instruments ISIS EDS 
x-ray microanalysis system.  
 
X-ray diffraction analysis was performed using a Philips X’pert MRD system with Cu Kα 
radiation and a Ni filter. 
 
Ellipsometry was performed using a Gaertner L116C, fixed angle, single wavelength, 
632nm. 
 
Atomic force microscopy was performed using an Asylum Research MFP-3D 
 
Transmission electron microscopy was performed using a JOEL 2100 Cryo TEM. 
 
Scanning auger spectroscopy was accomplished using a Physical Electronics PHI 660.  
 
Secondary ion mass spectroscopy (SIMS) was accomplished using Physical Electronics 
PHI Trift III.  The PHI TRIFT III is a Time of Flight SIMS, which uses a gold liquid 
metal ion source as the analysis ion beam. 
 
 
